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Re´sume´
L’e´nergie ne´cessaire au fonctionnement des syste`mes e´lectroniques modernes est
en train de surpasser les capacite´s des batteries actuelles. En conse´quence, il y a un
inte´reˆt grandissant a` travers le monde dans l’application des technologies MEMS pour
la conception et fabrication de sources de puissance compactes, autonomes et a` haute
performance.
Par conse´quent, des convertisseurs d’e´nergie chimique en e´nergie e´lectrique tels que
les micromachines a` gaz chaud, sont tre`s attractifs dans des syste`mes de ge´ne´ration
de puissance. Ces micromachines sont compose´es d’un micromoteur pour convertir
l’e´nergie chimique en e´nergie me´canique, et d’un microge´ne´rateur e´lectrique pour
transformer l’e´nergie me´canique en e´nergie e´lectrique. Cette the`se concerne la fabri-
cation de tels microge´ne´rateurs entrane´s par gaz froid ou chaud.
Tout d’abord, nous avons de´veloppe´ des microge´ne´rateurs a` aimants permanents
compatibles avec le fonctionnement des micromachines a` hautes tempe´ratures. Dans
le contexte de la re´duction des syste`mes e´lectroniques, les limites de la miniaturisation
de ce type de microsyste`me ont e´te´ e´tudie´es.
Ensuite, ces microge´ne´rateurs ont e´te´ inte´gre´s avec des microturbines, en polyme`re
pour une utilisation au gaz froid (air comprime´), et en silicium pour un fonctionne-
ment avec une micromachine a` combustion.
Finalement, un dispositif convertissant une source d’hydroge`ne en e´nergie e´lectrique
a e´te´ conc¸u. Il comprend un ge´ne´rateur e´lectrique et un moteur connu sous le nom
de pulsejet, fabrique´ par des techniques de microtechnologie.
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CHAPITRE 1
INTRODUCTION
L’e´nergie ne´cessaire au fonctionnement des syste`mes e´lectroniques modernes est
en train de surpasser les capacite´s des batteries actuelles. Il y a donc un inte´reˆt
grandissant a` travers le monde dans l’application des technologies MEMS pour la
conception et la fabrication de sources de puissance, compactes, autonomes et a` haute
performance. Les proble`mes des batteries actuelles sont en ge´ne´ral lie´s a` leurs poids,
volume et faible autonomie.
L’e´nergie spe´cifique des combustibles hydrocarbures est e´leve´e (∼45 MJ/kg [1]).
Ainsi, des microge´ne´rateurs entraˆıne´s par ce type de gaz chaud, et fonctionnant a` un
rendement d’environ 5%, seraient de´ja` capables de concurrencer les batteries Alkaline
(∼0.5 MJ/kg). De plus, le temps de recharge d’une batterie standard serait bien plus
long que la dure´e ne´cessaire pour remplir un re´servoir de gaz liquide.
Par conse´quent, des convertisseurs d’e´nergie chimique en e´nergie e´lectrique tels que
les micromachines gaz chaud, sont tre`s attractifs dans des syste`mes de ge´ne´ration
de puissance. Ces micromachines sont compose´es d’un micromoteur pour convertir
l’e´nergie chimique en e´nergie me´canique, et d’un microge´ne´rateur e´lectrique pour
transformer l’e´nergie me´canique en e´nergie e´lectrique [2–4]. Les micromoteurs incluent
un compresseur, une chambre de combustion et une turbine a` gaz. L’e´nergie re´sultant
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Figure 1-1 – Sche´ma d’une micromachine en silicium, comprenant un micro-
ge´ne´rateur a` aimants permanents [5].
de la combustion est utilise´e pour faire tourner la turbine. Cette e´nergie me´canique
est finalement convertie en e´nergie e´lectrique a` l’aide d’un ge´ne´rateur e´lectrique. La
Figure 1-1 pre´sente un sche´ma de concept d’une micromachine a` gaz chaud, fabrique´e
en silicium [5]. Ce microsyste`me est fabrique´ en gravant et collant plusieurs pla-
quettes de silicium. Il comporte plusieurs micro-canaux et un rotor libre de tourner. Le
ge´ne´rateur e´lectrique est inte´gre´ dans le but de transformer l’e´nergie me´canique four-
nie par la turbine, en puissance e´lectrique. Le rotor est supporte´ par des roulements
a` air permettant d’atteindre de tre`s hautes vitesses de rotation (> 1.000.000 tpm).
Le ge´ne´rateur est place´ dans la partie froide du dispositif (i.e., pre`s du compresseur).
A` ce jour, l’inte´gration et le fonctionnement des micromachines a` gaz chaud n’ont
pas encore e´te´ obtenus. Le principal de´fi est lie´ a` la miniaturisation de ces dispositifs.
En effet, il est difficile de reproduire l’architecture 3-D des moteurs conventionnels
en utilisant les technologies de microfabrication. Il est donc certain que l’architec-
ture des micromachines sera diffe´rente de celle des moteurs de grandes dimensions.
Des compromis devront eˆtre adopte´s entre la complexite´ des microsyste`mes et leurs
performances.
Bien qu’il n’existe pas encore de micromachines rotatives en silicium alimente´es
par un gaz chaud, plusieurs e´le´ments, tels que les microsyte`mes de combustion, les pa-
liers a` air et les microge´ne´rateurs e´lectriques, ont e´te´ se´pare´ment fabrique´s et e´tudie´s.
Une pre´sentation succincte de ces dispositfs est pre´sente´e dans la prochaine section.
1.1. Revue de la litte´rature 21
1.1 Revue de la litte´rature
Cette section introduit plusieurs technologies de´veloppe´es dans le but de concevoir
des microge´ne´rateurs entraine´s par des microturbines a` gaz chaud. Notons que les
dispositifs a` air comprime´ (gaz froid) sont aussi pre´sente´s car ils peuvent eˆtre utilise´s
pour des applications ou` une source de pression est disponible (pneu, gazoduc . . .).
De plus, ces microsyste`mes sont une bonne plateforme de de´veloppement pour les
dispositifs fonctionnant a` hautes tempe´ratures.
1.1.1 Microturbines pour micromachines a` gaz chaud
Le de´veloppement des microturbines n’a cesse´ d’augmenter depuis une dizaine
d’anne´es. Des progre`s e´vidents ont e´te´ re´alise´s dans plusieurs domaines de la micro-
technologie (architecture, simulation nume´rique, validation expe´rimentale . . .). Le
programme du MIT, mentionne´ pre´ce´demment (voir Figure 1-1), est conside´re´ comme
le projet pionnier dans ce domaine [6]. Comme cela est de´taille´ en Table 1.1, plu-
sieurs groupes se concentrent sur la fabrication de tels microsyste`mes. Les turbines
sont supporte´es par des paliers a` air, un e´le´ment potentiellement propice au fonction-
nement a` hautes vitesses et hautes tempe´ratures. La principale diffe´rence entre les
microsyste`mes re´side dans le cycle thermodynamique utilise´ pour la micromachine a`
combustion. Cela influe directement sur l’architecture et les conditions de fonctionne-
ment des micromachines. Notons qu’a` ce jour, aucune de ces machines n’a e´te´ teste´e
avec un gaz chaud et une chambre de combustion. Cependant, des vitesses de rotation
e´leve´es du rotor ont e´te´ atteintes en utilisant une source d’air comprime´.
1.1.2 Microturbines a` gaz froid
Les paliers a` air sont un choix judicieux d’architecture lorsque les microturbines
fonctionnent a` hautes tempe´ratures et hautes vitesses. Cependant, meˆme cette tech-
nologie souffre d’importantes contraintes sur les mate´riaux et sur les tole´rances de
fabrication. Par conse´quent, d’autres technologies, telles que les roulements a` billes,
sont aussi prometteuses.
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Ref. Cycle Technique de
Performance
anne´e thermodynamique Fabrication
Berkeley [7] Wankel
gravure Si -
2001 engine
MIT [8] Brayton
gravure Si 1.4 Mtpm
2005 cycle
Tohoku [9]
- Usinage Ti 0.8 Mtpm
2005
Tohoku [10]
- gravure Si 0.05 Mtpm
2005
Sherbrooke U. [11] Rankine
gravure Si 0.3 Mtpm
2005 cycle
Table 1.1 – Revue des projets de micromachines a` gaz chaud. Ces microsyste`mes
n’ont pas e´te´ teste´s avec un syste`me de combustion.
A` l’universite´ du Maryland, des microturbines en silicium supporte´es par des
micro-roulements a` billes ont e´te´ e´tudie´es [12–14]. Des tranches sont grave´es dans
la structure en silicium, dans lesquelles des billes sont ensuite place´es. Des vitesses
supe´rieures a` 15.000 tpm ont e´te´ mesure´es lorsque la turbine est alimente´e par une
source d’air comprime´ [13]. A` une vitesse de 10.000 tpm, la microturbine a` flux radial
a tourne´ pendant 1.000.000 de re´volutions [15].
A` l’Imperial College, Holmes et al. ont de´veloppe´ une microturbine a` flux axial.
Cette technologie fonctionne a` des flux d’air plus faibles que les turbines a` flux ra-
dial. Par conse´quent, cette approche est adapte´e pour des syste`mes de de´tection. Les
e´le´ments de la microturbine sont fabrique´s par micro-usinage laser d’un polyme`re [16].
La turbine mesure 13 mm de diame`tre, et des vitesses de rotation de 30.000 tpm ont
e´te´ atteintes.
1.1.3 Microge´ne´rateurs rotatifs
Les micro-convertisseurs d’e´nergie me´canique en puissance e´lectrique sont le sujet
de beaucoup d’attentions. L’e´nergie me´canique peut eˆtre extraite de plusieurs sources
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d’e´nergie, telle que, vibration, mouvement, ou encore air comprime´ [17]. Dans cette
partie, nous introduisons les microge´ne´rateurs rotatifs. Dans un premier temps, la
recherche s’est effectue´e sur les dispositifs e´lectrostatiques [18,19]. Ces microsyste`mes
sont attractifs car leur fabrication est peu complexe, et utilise les mate´riaux standards
pour la fabrication de circuits inte´gre´s. De plus, ces mate´riaux sont aussi compatibles
avec un fonctionnement a` haute tempe´rature, ce qui est favorable dans l’optique
d’une inte´gration avec une machine a` combustion. Fabrique´s a` partir de plaquettes de
silicium, les microge´ne´rateurs e´lectrostatiques ont de´montre´ une puissance de 0.2 mW.
Cependant, la re´duction d’e´chelle n’est pas favorable aux machines a` induction [20].
C’est pourquoi, ces machines et les microge´ne´rateurs a` induction magne´tique [21,22],
ne sont pas tre`s performants (i.e., faible densite´ de puissance).
En revanche, la densite´ de flux magne´tique est en the´orie inde´pendante des di-
mensions d’un aimant permanent [20]. Ainsi, les microge´ne´rateurs a` aimants per-
manents sont pre´fe´rables. De plus, les avance´es des technologies de microfabrica-
tion permettent l’inte´gration de mate´riaux magne´tiques et de micro-conducteurs.
Les de´veloppements de ces microsyste`mes sont tre`s re´cents et tre`s varie´s. L’objec-
tif est d’obtenir des dispositifs compacts et de grandes densite´s de puissance. Les
principales caracte´ristiques de plusieurs microge´ne´rateurs a` aimants permanents sont
re´sume´es en Table 1.2 et Table 1.3. Les conditions expe´rimentales de mesures sont
souvent diffe´rentes (distance rotor-stator, vitesse de rotation). Par conse´quent, les
performances sont relativement varie´es. Il est cependant e´vident que les puissances
de sortie sont supe´rieures de plusieurs ordres de grandeur aux puissances fournies par
les microsyste`mes e´lectrostatiques. La Table 1.3 de´taille les microge´ne´rateurs avec
une turbine inte´gre´e. La vitesse de rotation e´tait souvent limite´e par l’architecture
simpliste de la turbine.
1.1.4 Conclusions
Cette revue de la litte´rature indique qu’il y a plusieurs opportunite´s pour apporter
de nouvelles contributions dans le champ d’application des MEMS de puissance (Po-
werMEMS). Tout d’abord, la conception d’une micromachine convertissant l’e´nergie
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Re´fe´rence
Rotor Stator Performance
anne´e
Imperial C. [23] Aimants µ-conducteurs 60 µW - 7 ktpm
2005 en NdFeB planaires entrefer = 120 µm
Ga Tech [24] Anneaux en µ-conducteurs sur 1.3 W - 120 ktpm
2005 SmCo et FeCoV un subtrat en NiFeMo entrefer = 100 µm
LEG [25] Disque µ-conducteurs 5 W - 380 ktpm
2006 en SmCo planaires entrefer = 100 µm
NSYSU [26] Aimants Bobinage 0.4 mW - 2.2 ktpm
2007 en NdFeB de cuivre entrefer = 1 mm
NSYSU [27] Anneau multi-couches LTCC 1.8 mW - 13 ktpm
2008 en NdFeB de µ-conducteurs d’Ag entrefer = 1 µm
Table 1.2 – Revue des microge´ne´rateurs a` aimants permanents.
Re´fe´rence
Turbine Caracte´ristique
Compatible
anne´e a` HT
Imperial C. [23] Gravure laser de SU-8 Double stator
Non
2005 micro-billes Turbine a` flux axial
Ga Tech [28]
Commerc¸iale
Watts de sortie
Non
2005 55 cm3
LEG [25] Grave´e par EDM Pas d’assemblage
Non
2006 Palier pneumatique Stabilisation magne´tique
Table 1.3 – Re´sume´ des microge´ne´rateurs a` aimants permanents inte´gre´s.
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extraite d’un re´servoir de gaz en e´nergie e´lectrique n’est pas encore atteinte. La re-
cherche porte´e sur les microge´ne´rateurs a` aimants permanents est intense. Cependant,
la barrie`re de puissance de 10 W n’est pas de´passe´e, en partie a` cause de dispositfs
non-optimise´s. Ces microsyste`mes sont majoritairement de´veloppe´s dans le but d’eˆtre
inte´gre´s avec des microturbines fonctionnant a` hautes tempe´ratures. Pourtant, les per-
formances de ces microge´ne´rateurs ne sont pas de´montre´es a` des tempe´ratures e´leve´es.
De meˆme, l’inte´gration avec des paliers a` air, un e´le´ment cle´ dans la conception des
micromachines, n’est pas encore re´alise´e.
Un autre sujet qui n’est pas e´tudie´ est la miniaturisation ultime de ces ge´ne´rateurs
pour des applications ne´cessitant des sources de puissance de l’ordre du milli-watt.
L’inte´gration des microge´ne´rateurs et des microturbines est aussi difficile. Il y
a donc une opportunite´ pour concevoir des dispostifs plus simples en utilisant des
techniques alternatives de microfabrication.
En conclusion, de nombreux sujets requie`rent de nouvelles approches, pas seule-
ment d’un point de vue de la fabrication des dispositifs, mais aussi dans la perspective
plus ge´ne´rale des concepts utilise´s.
1.2 Objectifs de the`se
Cette the`se est centre´e sur le de´veloppement de microsyste`mes magne´tiques ca-
pables de ge´ne´rer de la puissance e´lectrique en utilisant une source de gaz froid (air
comprime´) ou gaz chaud.
• Le premier objectif est d’e´tudier les dispositifs adapte´s a` la ge´ne´ration de puis-
sance. De plus, ces microsyste`mes doivent eˆtre compatibles avec les prochaines
e´tapes d’inte´gration. Les microge´ne´rateurs rotatifs a` aimants permanents et flux
axial sont tre`s inte´ressants. En effet, la densite´ de flux magne´tique d’un aimant
permanent n’est en principe pas de´pendante de ses dimensions. C’est pourquoi
nous e´tudions dans cette the`se, une classe de microge´ne´rateurs a` aimants perma-
nents de plusieurs dimensions. Ces dispositifs fonctionnent ainsi dans diffe´rentes
gammes de puissance dans le but d’e´largir leur champ d’application. Les limites
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de la miniaturisation sont aussi conside´re´es.
• Apre`s avoir de´montre´ la conversion d’e´nergie me´canique en puissance e´lectrique
avec les technologies MEMS, il est inte´ressant d’ajouter une fonctionnalite´
supple´mentaire pour fournir l’e´nergie me´canique a` partir d’une source de gaz
froid. La technologie des microturbines couple´es avec un assemblage fluidique
est donc conside´re´e. Une approche base´e sur la conception d’un syste`me rotatif
en polyme`re supporte´ par des roulements a` billes est de´veloppe´e pour des appli-
cations a` tempe´rature ambiante. De plus, un microsyste`me en silicium est aussi
fabrique´ dans le but d’eˆtre inte´gre´ avec une micromachine a` gaz chaud. Ainsi,
plusieurs techniques d’assemblage de microturbines et de microge´ne´rateurs sont
pre´sente´es, et peuvent eˆtre se´lectionne´es en fonction des applications.
• Finalement, l’addition d’une chambre de combustion est e´tudie´e dans le but de
concevoir un dispositif MEMS convertissant l’e´nergie fournie par un gaz chaud
(hydroge`ne) en source de puissance.
1.3 Plan de the`se
Le Chap. 2 introduit les lois physiques gouvernant le fonctionnement des ma-
chines magne´tiques. D. P. Arnold [5] et S. Das [29] ont conc¸u une premie`re version
de microge´ne´rateurs a` aimants permanents. En poursuivant leur travail, l’objectif est
d’atteindre la barrie`re des 10 W pour des syste`mes d’un diame`tre de 10 mm. L’ar-
chitecture des microge´ne´rateurs a` aimants permanents est de´taille´e, et un mode`le,
base´ sur la re´luctance des mate´riaux magne´tiques, est de´veloppe´ pour pre´dire les
performances du microsyste`me. La fabrication des micro-conducteurs planaires, ainsi
que l’aimantation se´lective des aimants permanents sont pre´sente´es. Dans un pre-
mier temps, la caracte´risation expe´rimentale est effectue´e en utilisant une turbine
commerciale afin d’e´viter les de´fis technologiques associe´s aux microturbines.
De plus, la miniaturisation de ces microge´ne´rateurs est aussi e´tudie´e pour des ap-
plications ne´cessitant des sources de puissance de l’ordre du milli-watt. Le Chap. 3
pre´sente les lois de re´duction d’e´chelle pour ce type de dispositifs. Les limitations pra-
1.3. Plan de the`se 27
tiques et the´oriques sont conside´re´es. Par conse´quent, une se´rie de microge´ne´rateurs
de 2 mm de diame`tre avec diffe´rentes caracte´ristiques est fabrique´e. Les aimants mi-
niatures sont usine´s par de´coupe laser. Une analyse magne´tique de ces e´chantillons
est effecue´e dans le but de valider cette technique. Enfin, les expe´riences de mesures
e´lectriques confirment que des choix non-conventionnels a` l’e´chelle macroscopique,
sont ne´cessaires aux petites dimensions. Ces microge´ne´rateurs sont ensuite inte´gre´s
avec un assemblage fluidique en polyme`re. Les contraintes associe´es a` ces dispositifs
sont introduites, et pre´ce`dent leurs fabrication et caracte´risation. En conclusion, les
performances des microge´ne´rateurs sont compare´es dans le but de confirmer les lois
de re´duction d’e´chelle.
Le Chap. 4 couvre le de´veloppement de deux e´tapes ne´cessaires pour la concep-
tion d’une micromachine a` gaz chaud. Premie`rement, l’architecture, la fabrication et
les mesures e´lectriques d’un microge´ne´rateur a` aimants permanents inte´gre´ avec une
microturbine en silicium, sont de´taille´es. Ce type de microsyste`me est potentiellement
compatible avec la micromachine a` gaz chaud pre´sente´e dans le Chap. 1. Notre at-
tention est centre´e sur le de´veloppement du ge´ne´rateur magne´tique, pendant que la
microturbine supporte´e par des paliers a` air est fabrique´e par un groupe de recherche
du Massachusetts Institute of Technology (MIT). Les contraintes d’inte´gration nous
ont conduit a` utiliser des architectures innovantes, de´taille´es dans ce chapitre.
Deuxie`mement, les performances des microge´ne´rateurs pre´sente´s dans le Chap. 2
sont mesure´es a` hautes tempe´ratures. La de´gradation de puissance est mode´lise´e
nume´riquement en utilisant les proprie´te´s des mate´riaux utilise´s, et e´value´e de fac¸on
expe´rimentale.
Dans le Chap. 5, une approche alternative pour la conception d’un ge´ne´rateur a`
gaz chaud est propose´e. Ceci a e´te´ motive´ par les difficulte´s rencontre´es pour fabri-
quer une micromachine rotative a` combustion. A` l’e´chelle des MEMS, un compromis
entre rendement et simplicite´ de fabrication est ne´cessaire. En conse´quence, au Geor-
gia Institute of Technology, nous avons de´cide´ de miniaturiser un pulsejet (machine
a` jets pulse´s) en utilisant les technologies MEMS. Le dispositif est re´sonant, et se
singularise par sa simplicite´ de fabrication. En effet, la machine a` combustion n’a
28 1. Introduction
pas d’e´le´ments mobiles. Lorsqu’il fonctionne, le dispositif convertit l’e´nergie chimique
d’une source d’hydroge`ne, en une force de pousse´e oscillante de flux de gaz. Cette
e´nergie peut eˆtre utilise´e pour de la propulsion ou convertie en e´nergie me´canique pour
la ge´ne´ration de puissance e´lectrique. Une revue de la famille des pulsejets est intro-
duite, et dicte les choix d’architecture de la version MEMS. Le principe d’ope´ration
est de´crit, et les de´tails sur la fabrication et les mesures expe´rimentales des micro-
pulsejets sont pre´sente´s. Finalement, le dispositif est couple´ avec un ge´ne´rateur a`
aimants permanents dans le but de de´montrer la conversion d’e´nergie chimique en
puissance e´lectrique.
En conclusion, les performances et caracte´ristiques des microsyste`mes fabrique´s
durant cette the`se sont re´sume´es dans le Chap. 6. Plusieurs remarques et propositions
de recherche sont aussi pre´sente´es.
CHAPITRE 2
MICROGE´NE´RATEURS A` AIMANTS
PERMANENTS
2.1 Introduction & motivation
Dans ce chapitre, nous introduisons l’architecture, la fabrication et les mesures
expe´rimentales de microge´ne´rateurs a` aimants permanents d’un diame`tre de 10 mm.
Les dispositifs, alimente´s par une source d’air compresse´, sont base´s sur les syste`mes
de´veloppe´s par D. P. Arnold et S. Das [5, 24, 29–31]. Une puissance de 1,1 W aux
bornes d’une re´sistance de charge, a` une vitesse de rotation de 120.000 tpm a e´te´
de´montre´e avec leur premie`re ge´ne´ration de microge´ne´rateurs.
L’objectif de cette optimisation est d’atteindre une puissance supe´rieure a` 10 W
en ame´liorant l’architecture du stator et en augmentant la vitesse de rotation du
rotor. Premie`rement, la conception des microge´ne´rateurs a` aimants permanents est
pre´sente´e. Ensuite, les technologies utilise´es pour fabriquer les micro-conducteurs pla-
naires et pour aimanter les mate´riaux magne´tiques sont de´taille´es. Finalement, les
performances des dispositifs sont mesure´es et compare´es a` la premie`re ge´ne´ration de
microge´ne´rateurs.
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2.2 Pre´sentation ge´ne´rale
2.2.1 Lois physiques
Le fonctionnement des microge´ne´rateurs magne´tiques est gouverne´ par la loi de Fa-
raday (Eq. (2.1)). Lorsqu’un rotor compose´ de multiples paires de poˆles magne´tiques
tourne, un champ magne´tique variable est cre´e´. Cela induit des tensions sinuso¨ıdales
dans les conducteurs e´lectriques (i.e., bobinage statorique). Quand les phases e´lectriques
du stator sont connecte´es a` une re´sistance de charge, le syste`me ge´ne`re de la puissance
e´lectrique.
∮
c
~E.dl = −
∫∫
δ ~B
δt
.dS (2.1)
La tension de sortie est proportionnelle a` plusieurs parame`tres lie´s a` l’architecture
du dispositif. Ceci est exprime´ par l’Eq. (2.2), ou` p est le nombre de poˆles magne´tiques,
N est le nombre de tours de bobine, ω est la vitesse de rotation du rotor et Φ est le
champ magne´tique dans les poˆles magne´tiques [32]. Le champ magne´tique peut eˆtre
maximise´ en ajoutant des mate´riaux magne´tiques en fer doux, et en minimisant la
distance rotor-stator (ou entrefer).
E ∝ p.N.ω.Φ (2.2)
2.2.2 Machines magne´tiques
Bien qu’e´tant gouverne´es par le meˆme principe physique (loi de Faraday), les
machines peuvent eˆtre classe´es en deux cate´gories. Un premier groupe utilise des
e´lectro-aimants pour ge´ne´rer le champ magne´tique variable, alors que l’autre type uti-
lise des aimants permanents. A` l’e´chelle macro, les machines a` induction magne´tique
pre´sentent plusieurs avantages en comparaison des machines a` aimants permanents.
1. Couˆt des mate´riaux : Les machines a` induction utilisent ge´ne´ralement des
e´lectro-aimants principalement fabrique´s a` partir de conducteurs de cuivre. Ceci
est sensiblement moins cher que des aimants permanents.
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2. Couˆt de fabrication : Les aimants permanents sont difficiles a` manipuler a` cause
de leur puissante aimantation.Ils doivent aussi eˆtre encastre´s dans un assemblage
de re´tention. Ceci augmente le couˆt de fabrication.
3. Performance : Les performances des machines a` aimants permanents sont li-
mite´es par l’e´nergie de l’aimant. Pour augmenter les performances de ces ma-
chines, une nouvelles architecture est ne´cessaire (plus grandes dimensions, plus
grandes vitesses de rotation. . .). Au contraire, les performances des machines a`
induction magne´tique peuvent eˆtre ame´liore´es en ajoutant des tours de conduc-
teurs au bobinage e´lectrique, ce qui permet d’augmenter le niveau de courant.
Ceci est efficace et peu couˆteux.
Par conse´quent, les machines a` induction magne´tique sont ge´ne´ralement pre´fe´re´es
dans les applications industrielles. Cependant, ces conside´rations ne sont plus valables
a` l’e´chelle des MEMS. Premie`rement, le couˆt des mate´riaux n’est plus un proble`me
car les quantite´s utilise´es sont faibles. Deuxie`mement, les contraintes associe´es avec
l’architecture des microsyste`mes limitent le nombre de tours de bobines planaires et
leurs dimensions. Ainsi, le courant dans les conducteurs est limite´. En comparaison, la
densite´ de flux magne´tique d’un aimant permanent est supe´rieure a` celle des e´lectro-
aimants lorsque les dimensions diminuent. Pour ces raisons, nous avons porte´ notre
attention sur les microge´ne´rateurs a` aimants permanents.
2.2.3 Architecture du microge´ne´rateur
Nos microsyste`mes sont des dispositifs triphase´s a` flux axial. Les machines sont
compose´es de plusieurs paires de poˆles magne´tiques. Le stator est microfabrique´ sur un
substrat magne´tique et comprend plusieurs tours de conducteurs planaires en cuivre,
comme montre´ en Figure 2-1. Le rotor inclut un anneau d’aimant permanent, et un
mate´riau en fer doux.
Pour optimiser l’architecture des microge´ne´rateurs, une analyse parame´trique est
effectue´e dans le but de trouver la combinaison (p,N ) permettant la plus grande puis-
sance de sortie, en tenant compte des limites de fabrication. Pour ce faire, la re´sistance
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Figure 2-1 – Sche´ma 3-D d’un microge´ne´rateur a` aimants permanents.
des conducteurs est calcule´e pour chaque combinaison. De plus, une simulation du
ge´ne´rateur base´e sur la me´thode des e´le´ments finis (FEM) permet de calculer la ten-
sion induite dans les conducteurs. Le de´tail de cette e´tude est reporte´ dans [33]. Le
re´sultat est la conception d’une machine a` huit poˆles magne´tiques et trois tours de
bobinage statorique.
2.2.4 Rotor & choix des mate´riaux magne´tiques
Le rotor est compose´ d’un anneau en aimants permanents et d’un anneau en fer
doux. Le fer doux permet de maximiser le flux magne´tique dans l’entrefer et de re´duire
la reluctance du syste`me. Les deux mate´riaux ont une e´paisseur de 0.5 mm, comme
montre´ en Figure 2-2. Les deux anneaux sont encastre´s dans un fuselage en titane.
L’utilisation du titane permet une bonne tenue me´canique du rotor a` des vitesses
e´leve´es. La premie`re version utilisait un assemblage en plastique. A´ hautes vitesses
(100.000 tpm), l’aimant subit de fortes forces centrifuges. S’il n’est pas fortement
contraint, l’aimant s’e´tend et finit par exploser. L’utilisation d’un mate´riau plus rigide
(coefficient de Poisson supe´rieur) doit re´duire l’expansion de l’aimant. Des vitesses de
rotation plus e´leve´es peuvent ainsi eˆtre obtenues [34].
Une tige est loge´e dans la face arrie`re dans le but d’inse´rer le rotor dans une
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Figure 2-2 – Sche´mas d’un rotor a` aimants permanents : (a) 3-D, et (b) vue de
coupe.
Aimant Re´manence Cœrcitivite´ Temp. Op. Temp. Curie
Permanent Br (kG) Hc (kOe) Top (
◦C) Tc (
◦C)
Sm2Co17 [36] 11.2 9.2 300 825
NdFeB [37] 14.1 10.5 50 310
Table 2.1 – Aimants permanents.
turbine commerciale pour les tests expe´rimentaux.
Les mate´riaux magne´tiques sont se´lectionne´s dans le but d’optimiser les perfor-
mances du ge´ne´rateur. Par conse´quent, les aimants choisis (Samarium-Cobalt (SmCo)
et Ne´odyme-Fer-Bore (NdFeB)) pre´sentent une combinaison de large re´manence, et
de grande cœrcitivite´ (voir Table 2.1). Le fer doux est un mate´riau en Fer-Cobalt-
Vanadium (FeCoV, Hiperco 50) avec une saturation magne´tique de 2,4 T, et une
perme´abilite´ de 3000 [35].
2.2.5 Micro-conducteurs planaires (bobinage statorique)
Les techniques de microfabrication permettent la conception d’une architecture
tre`s complexe ou` les conducteurs s’encheveˆtrent les uns autour des autres. Ainsi
le volume de cuivre est maximise´ par rapport au volume total utilise´. Les conduc-
teurs planaires sont des bobinages de cuivre triphase´s, e´lectrode´pose´s sur un substrat
magne´tique en Nickel-Fer-Molybde`ne (NiFeMo). Les conducteurs radiaux, montre´s en
Figure 2-3, capturent le flux magne´tique du rotor. Par conse´quent, leurs dimensions
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Figure 2-3 – Sche´mas de l’architecture du stator : (a) monophase´ et (b) triphase´.
Les couches 1 et 2 de cuivre sont repre´sente´es respectivement en orange et rouge.
Figure 2-4 – Circuit e´quivalent d’une phase e´lectrique qui comprend une tension en
circuit ouvert Voc , une re´sistance Rs et une inductance Ls dues au conducteur. Rl
correspond a` une re´sistance de charge externe.
correspondent aux dimensions de l’aimant permanent.
2.2.6 Mode`le e´lectrique
Le circuit e´quivalent d’une phase e´lectrique est relativement simple. Elle comprend
une source de force e´lectromotrice Voc due au rotor a` multiples poˆles, ainsi qu’une
re´sistance Rs et une inductance Ls dues au conducteur de cuivre. L’inductance peut
cependant eˆtre ne´glige´e.
Par conse´quent, la puissance de sortie Pout mesure´e aux bornes d’une re´sistance
de charge Rl = k. Rs est :
Pout =
V 2l
Rl
=
V 2oc
Rs
× k
(k + 1)2
(2.3)
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Figure 2-5 – Rendement e´lectrique et puissance de sortie normalise´e en fonction de
la re´sistance de charge.
La puissance de la source Pe s’exprime par :
Pe =
V 2oc
(Rs +Rl)
=
V 2oc
Rs.(k + 1)
(2.4)
Ainsi, le rendement du syste`me ηe et la puissance de sortie normalise´e, montre´s
en Figure 2-5, sont de´finis par :
ηe =
Pout
Pe
=
k
(k + 1)
(2.5)
Pout
Pout,max
=
4.k
(k + 1)2
(2.6)
Le transfert de puissance est maximum pour une re´sistance de charge e´gale a` la
re´sistance des micro-conducteurs (The´ore`me de Thevenin). Des re´sistances de charge
de plus grandes valeurs permettent un rendement e´lectrique supe´rieur, au de´triment
de la puissance de sortie.
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Figure 2-6 – Circuit magne´tique du microge´ne´rateur a` aimants permanents et a` flux
axial.
2.3 Mode`le magne´tique
Dans le but de pre´dire les performances des microge´ne´rateurs, un mode`le base´
sur l’analyse des re´luctances est de´veloppe´. Conside´rons la Figure 2-6 montrant la
section transversale du microge´ne´rateur. Les fers doux du rotor et du stator sont
respectivement mode´lise´s par les re´luctances RRBI et RSBI . Les aimants permanents
sont conside´re´s comme des sources de flux remanent Φr, associe´s a` une re´luctance
RPM . Les directions des sources de´pendent du sens de l’aimantation. L’entrefer cor-
respond a` une re´luctance Rg. Les fuites magne´tiques entre deux poˆles adjacents sont
repre´sente´es par Rl et Φl. Cependant, ces pertes sont ne´glige´es car l’entrefer est petit
devant l’e´paisseur des aimants. Ce mode`le permet de de´terminer le flux magne´tique
dans l’entrefer Φg en fonction de Φr. Les tensions ge´ne´re´es dans les conducteurs pla-
naires peuvent eˆtre calcule´es a` partir de ce flux en utilisant la loi de Faraday. Le circuit
magne´tique simplifie´ est pre´sente´ en Figure 2-7. La simplification est obtenue en ap-
pliquant successivement les the´ore`mes de The´venin et de Norton. Par conse´quent, le
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Figure 2-7 – Simplification du circuit magne´tique obtenue en ne´gligeant les fuites
entre deux aimants et en appliquant successivement les the´ore`mes de The´venin et de
Norton.
flux magne´tique dans l’entefer est :
Φg =
1
1 +
Rg
RPM
+ RRBI+RSBI
2RPM
× Φr (2.7)
La re´luctance d’un mate´riau s’exprime par :
Rmat. =
lmat.
µr(mat.) · µo · Amat.
(2.8)
ou` lmat., Amat. et µr(mat.) sont respectivement la longueur, la surface et la perme´abilite´
relative du milieu conside´re´ (mate´riau ou air). Pour relier simplement le flux magne´tique
dans l’entrefer en fonction du flux re´manent, conside´rons qu’il n’y a pas de fuites de
champ magne´tique aux surfaces externes des aimants, et que la perme´abilite´ des fers
doux est tre`s grande devant celle des aimants [35–37]. En utilisant la loi des nœuds,
et apre`s simplification, le flux magne´tique Φg dans l’entrefer est :
Φg =
1
1 + µr(PM) · lglPM
× Φr (2.9)
38 2. Microge´ne´rateurs a` Aimants Permanents
2.3.1 Solutions du circuit e´lectrique
Pour une machine magne´tique avec p poˆles, il y a p/2 pe´riodes pendant une
re´volution du rotor. En conside´rant que Φ(t) est de´crit comme une fonction si-
nuso¨ıdale, et en utilisant la loi de Faraday, la tension maximum s’e´crit :
epeak = N × Φg ×
p/2
60
· ωtpm (2.10)
ou` N est le nombre de tours de bobinage et ωtpm est la vitesse de rotation du rotor
en tours par minute. L’architecture des conducteurs est telle que APM = Aconducteur.
De plus, le flux magne´tique est le produit du champ magne´tique B et de la surface de
l’aimant. D’apre`s les relations pre´ce´demment e´tablies, la tension RMS (root-mean-
square) devient :
erms =
N√
2
× 1
1 + µr(PM) · lglPM
· Br × pi · (r2o − r2i )×
p/2
60
· ωrpm (2.11)
ou` ro et ou` ri sont respectivement les rayons externes et internes de l’anneau en aimant
permanent. Les solutions de cette e´quation seront pre´sente´es en comparaison avec les
mesures expe´rimentales.
2.4 Technologies de fabrication
Une approche hybride est utilise´e afin de de´montrer le potentiel de ce type de mi-
crosyste`mes a` aimants permanents. L’assemblage du rotor est usine´ de fac¸on conven-
tionelle en utilisant des machines de pre´cision. Les micro-conducteurs planaires du
stator sont en revanche microfabrique´s.
2.4.1 Micro-conducteurs planaires
Le proce´de´ de fabrication utilise une approche standard en e´lectrode´posant des
couches de cuivre dans des moules de re´sines photosensibles. Une premie`re couche de
cuivre de 80 µm d’e´paisseur est ainsi fabrique´e. Ensuite, un moule permanent en SU-8
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Figure 2-8 – Photographies du stator microfabrique´ : (a) vue ge´ne´rale du bobinage
et (b) zoom sur les vias entre les deux couches.
est de´fini pour permettre la formation de vias entre les deux couches de cuivre, ainsi
qu’une isolation e´lectrique entre certaines parties de ces deux couches. Finalement,
la deuxie`me couche de cuivre est e´lectrode´pose´e. Deux photographies du stator sont
montre´es en Figure 2-8. Les conducteurs exhibent une re´sistance de l’ordre de 175 mΩ
et une inductance d’environ 305 nH dans la gamme de fre´quence de fonctionnement
du microge´ne´rateur (1-100 kHz).
2.4.2 Aimantation se´lective des aimants permanents
Comme nous l’avons indique´ pre´ce´demment, le rotor contient un anneau a` huit
poˆles magne´tiques. Une telle configuration est me´caniquement plus re´sistante que
huit aimants permanents [29]. Ainsi, un proce´de´ est de´veloppe´ pour aimanter les huit
re´gions de l’anneau. Le concept est montre´ en Figure 2-9. Tout d’abord, l’aimant est
simplement aimante´ dans une direction en cre´ant un fort champ magne´tique externe.
Apre`s avoir encastre´ l’aimant entre deux teˆtes magne´tiques en FeCoV (voir Figure 2-
10), une seconde aimantation est ge´ne´re´e. Les teˆtes permettent de guider le flux
magne´tique dans des re´gions particulie`res de l’aimant. Le champ externe induit une
aimantation oppose´e dans quatre re´gions particulie`res de l’aimant, cre´ant ainsi les
quatre paires de poˆles magne´tiques.
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Figure 2-9 – Sche´mas explicatifs de´crivant le proce´de´ d’aimantation se´lective : (a)
Aimantation uni-directionelle et (b) inversion du sens de l’aimantation dans quatre
poˆles magne´tiques.
Figure 2-10 – Sche´ma et photographie des teˆtes magne´tiques.
La force du champ externe est pre´cise´ment controˆle´e [38]. Si le champ applique´
est trop faible, la direction d’aimantation du mate´riau ne peut pas eˆtre retourne´e.
En revanche, si le champ est trop fort, l’aimantation n’est plus se´lective a` cause de
fuites du champ entre les teˆtes magne´tiques. Dans ce cas, la direction d’aimantation
est retourne´e dans toute la structure et non dans les seules re´gions voulues.
En utilisant un capteur a` effet Hall, une carte d’aimantation du mate´riau est
image´e, comme montre´ en Figure 2-11. L’e´chantillon est scanne´ par le capteur avec
un incre´ment de 500 µm.
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Figure 2-11 – Carte d’aimantation de l’aimant a` huit poˆles magne´tiques.
Figure 2-12 – Banc de tests : (a) sche´ma et (b) photographie.
2.5 Re´sultats expe´rimentaux
2.5.1 Banc de tests
Le banc de tests est de´crit en Figure 2-12. La tige du rotor est inse´re´e dans
une turbine a` air comprime´ pour permettre la caracte´risation des microge´ne´rateurs.
Cette approche pre´sente l’avantage de de´coupler les proble`mes associe´s aux turbines
miniatures (ou microturbines) et le fonctionnement du dispositif e´lectrique. Le stator
est solidement attache´ sur une table dont la position est ajustable.
La position relative du rotor par rapport au stator est ajuste´e en observant les
tensions e´lectrique de sortie du microge´ne´rateur. Lorsque les signaux des trois phases
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Figure 2-13 – Tension e´lectrique de sortie durant la phase d’alignement.
sont sinuso¨ıdaux et de meˆme amplitude (Figure 2-13), cela indique que le rotor et
le stator sont aligne´s. L’entrefer (ou la distance rotor-stator) est aussi mesure´ car il
influe sur le niveau de tension ge´ne´re´e.
2.5.2 Mesures de tension e´lectrique
Les performances de la machine sont ensuite mesure´es en fonction de la vitesse
du rotor, du type d’aimant et de la distance rotor-stator, comme montre´ en Figure 2-
14 et Figure 2-15. La tension en circuit ouvert e´volue line´airement en fonction de
la vitesse du rotor, comme pre´vu par l’Eq. (2.2), et est inversement proportion-
nelle a` la distance rotor-stator. Pour des petites distances rotor-stator, les re´sultats
expe´rimentaux correspondent aux re´sultats calcule´s a` partir du mode`le magne´tique
pre´sente´ en Section 2.3 (reluctance model). Pour de plus grandes distances rotor-
stator, le mode`le n’est pas aussi pre´cis. Cela est principalement attribue´ au fait que
les fuites magne´tiques entre deux poˆles adjacents sont ne´glige´es. Ces fuites deviennent
plus importantes au fur et a` mesure que l’entrefer augmente, ce qui re´duit les per-
formances du ge´ne´rateur. Par conse´quent, un second mode`le a e´te´ de´veloppe´ par S.
Das au MIT (Das’ model) [29, 31]. Ce mode`le est bien plus complexe et de´crit par-
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Figure 2-14 – Mesures de tension en circuit ouvert (rotor en SmCo) : (a) en fonction
de la vitesse de rotation (l’entrefer est de 100 µm) et (b) en fonction de l’entrefer.
faitement le comportement du microge´ne´rateur pour plusieurs entrefers. Cependant,
meˆme celui-ci n’est pas parfait. Pour obtenir les bonnes tensions, la valeur de l’ai-
mantation du SmCo dans le mode`le e´tait fixe´e a` 0,4 T, trois fois infe´rieure a` la valeur
the´orique.
Bien que les proprie´te´s magne´tiques du NdFeB soient supe´rieures a` celles du
SmCo, les tensions ge´ne´re´es par les deux dispositifs sont similaires. Nous attribuons ce
re´sultat a` la technique d’aimantation des mate´riaux. Il est possible que les aimants ne
soient pas totalement sature´s. En effet, la proce´dure d’aimantation se´lective ne´cessite
l’utilisation de teˆtes magne´tiques en FeCoV pour concentrer le flux magne´tique dans
certaines re´gions de l’aimant. Cependant, la saturation magne´tique de ce mate´riau
est infe´rieure a` la valeur du champ requis pour comple`tement aimanter le NdFeB,
d’ou` une tension de sortie similaire au dispositif en SmCo.
2.5.3 Ge´ne´ration de puissance e´lectrique
La plupart des syste`mes e´lectroniques utilisent des sources de puissance en cou-
rant continu. Par conse´quent, un convertisseur ac/dc est connecte´ aux plots e´lectriques
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Figure 2-15 – Mesures de tension en circuit ouvert en fonction de la vitesse du rotor
pour plusieurs entrefers (rotor en NdFeB).
des trois phases du ge´ne´rateur. Un courant continu est ainsi de´livre´ aux bornes d’une
re´sistance de charge, ce qui permet de de´montrer l’applicabilite´ des microge´ne´rateurs.
Le convertisseur est compose´ de trois transformateurs pour augmenter la tension de
sortie et d’un pont de diodes pour redresser le signal e´lectrique [24, 31]. L’augmen-
tation des tensions de sortie par les transformateurs permet de minimiser les pertes
dues aux tensions de seuil des diodes. Pour mesurer la puissance de sortie, la distance
rotor-stator est fixe´e a` 100 µm.
Les Figure 2-16(a) et Figure 2-16(c) montrent la puissance de sortie continue me-
sure´e aux bornes de plusieurs re´sistances de charge. Les re´sultats expe´rimentaux sont
en accord avec les calculs (Eq. (2.6)). Le microge´ne´rateur utilisant un aimant en SmCo
de´montre une puissance continue de 8 W a` une vitesse de rotation de 305.000 tpm
(voir Figure 2-16(b)). A` cette vitesse, l’aimant explosa, causant la destruction du ro-
tor et du stator. Montre´ en Figure 2-16(d), le microge´ne´rateur utilisant un aimant en
NdFeB atteint une vitesse de rotation de 400.000 tpm, correspondant a` une puissance
de sortie de 10,8 W aux bornes d’une re´sistance de 40 Ω (conditions de transfert
de puissance maximum). La vitesse du rotor est limite´e par les performances de la
turbine commerciale.
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Figure 2-16 – Mesures de puissance continue en utilisant respectivement les rotors
en SmCo et NdFeB : (a) et (c) aux bornes de plusieurs re´sistances de charge a` une
vitesse de rotation donne´e, et (b) et (d) en fonction de la vitesse de rotation a` une
distance rotor-stator fixe´e a` 100 µm.
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2.5.4 Sources de pertes e´lectriques
Les pertes dans de telles machines sont de plusieurs sources.
1. Pertes me´caniques : Cause´es par les frictions dans les roulements a` billes de
la turbine, elles sont inde´pendantes de l’architecture du microge´ne´rateur. Par
conse´quent, ces pertes ne sont pas comptabilise´es.
2. Pertes magne´tiques : Lorsqu’il tourne, un rotor a` multiples paires de poˆles
cre´e un champ magne´tique variable. Ceci induit des courants de Foucault et
d’hyste´re´sis dans le substrat magne´tique, affectant le rendement total du dispo-
sitif. Les meˆme types de pertes apparaissent dans les conducteurs planaires.
3. Pertes e´lectriques : Elles sont dues aux micro-conducteurs planaires de cuivre
et a` l’e´lectronique de puissance.
Les mode`les de´veloppe´s par S. Das au MIT permettent d’e´valuer les diffe´rentes pertes
[31, 33]. Conside´rons une vitesse de rotation de 300.000 tpm, et une re´sistance de
charge de 40 Ω (conditions de transfert de puissance maximum). 30 W de puis-
sance me´canique est convertie en 8 W de puissance de sortie e´lectrique. Les pertes
magne´tiques comptent pour 14 W, dont 12,5 W repre´sentent les pertes par courant
de Foucault dans le substrat en NiFeMo. Les pertes e´lectriques sont e´gales a` 8 W et
sont principalement des pertes de conduction dans le stator (7,5 W).
2.6 Conclusions
Pour re´sumer, des microge´ne´rateurs a` aimants permanents d’un diame`tre de 10 mm
ont e´te´ fabrique´s en combinant des technologies de pre´cision et de microfabrica-
tion. Les performances de ces dispositifs sont de´taille´es en Table 2.2. Compare´s aux
premiers mode`les de´veloppe´s par D. Arnold [5], ces microge´ne´rateurs exhibent une
puissance jusqu’a` 9 fois supe´rieure. Cette optimisation re´sulte d’une modification de
l’architecture des micro-conducteurs planaires, ainsi que d’une ame´lioration de la te-
nue me´canique du rotor permettant de plus grandes vitesses de rotation. Un mode`le
magne´tique base´ sur les re´luctances de mate´riaux, pre´voit pre´cisemment les perfor-
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Dispositif Stator Rotor Performance
Bobinage PM Fuselage Vitesse Puissance
1er G. [24, 31] 2 tours SmCo PMMA 120 ktpm 1.1 W
2nde G. #1 3 tours SmCo Ti 305 ktpm 8 W
2nde G. #2 3 tours NdFeB Ti 400 ktpm 10.8 W
Table 2.2 – Re´sume´ des performances des microge´ne´rateurs.
mances du microsyste`me.

CHAPITRE 3
MINIATURISATION DES
MICROGE´NE´RATEURS A` AIMANTS
PERMANENTS
Bien que les dispositifs ge´ne´rant plusieurs watts sont tre`s utiles pour de nombreux
syste`mes e´lectroniques, une tout autre classe de syste`mes fonctionne avec des sources
de puissance de l’ordre du milliwatt.
Dans ce chapitre, nous discutons de la miniaturisation de microge´ne´rateurs a` ai-
mants permanents pour des applications de faible puissance. Lorsque les dimensions
sont re´duites, plusieurs parame`tres doivent eˆtre attentivement conside´re´s pour main-
tenir un niveau utile de puissance e´lectrique de sortie. Les principales caracte´ristiques
incluent une faible re´sistance du bobinage statorique, des vitesses de rotation e´leve´es,
une petite distance rotor-stator, et une faible de´gradation des proprie´te´s magne´tiques
des micro-aimants. De telles contraintes n’ont jusqu’a` pre´sent pas e´te´ e´tudie´es dans
des dispositifs d’un diame`tre infe´rieur a` 5 mm [17].
Tout d’abord, les lois de la re´duction d’e´chelle des microge´ne´rateurs a` aimants
permanents sont introduites, et applique´es au dispositif pre´sente´ dans le Chap. 2.
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Plusieurs architectures d’un diame`tre de 2 mm sont ensuite fabrique´es et teste´es. Cette
e´tude permet la de´finition de conditions limites entre les performances et les choix
d’architectures. Finalement, nous pre´sentons le de´veloppement d’une micromachine
a` air comprime´, inte´grant ces types de microge´ne´rateurs et une turbine en polyme`re
supporte´e par roulement a` billes.
3.1 Lois de re´duction d’e´chelle
Les lois fondamentales de la miniaturisation de syste`mes base´s sur les interac-
tions magne´tiques ont e´te´ pre´ce´demment reporte´es [20, 39]. Au contraire des ma-
chines a` induction magne´tique, les machines a` aimants permanents sont tre`s favo-
rables aux petites dimensions parce que la densite´ de champ magne´tique est en the´orie
inde´pendante de la taille de l’aimant. Par conse´quent, la miniaturisation de tels dis-
positifs est tre`s favorable. La puissance de sortie P s’exprime par :
P = α×
ω2 × B2op ×A2
Rw
(3.1)
ou` α est un coefficient de proportionnalite´ qui de´pend de la ge´ome´trie, ω est la vitesse
de rotation du rotor, Bop est le flux magne´tique dans la machine, A est la surface active
du syste`me, et Rw est la re´sistance des conducteurs. En conside´rant une homothe´tie
d’un facteur k, la puissance peut s’e´crire :
P = k5 × P1/k (3.2)
car la surface varie en k2 et la re´sistance en k−1. La Figure 3-1(a) montre la
puissance normalise´e de microge´ne´rateurs a` aimants permanents en fonction de la
re´duction d’e´chelle, tout en assumant une vitesse de rotation constante.
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Figure 3-1 – (a) Performance normalise´e de microge´ne´rateurs a` aimants permanents
en fonction de la re´duction d’e´chelle. La vitesse de rotation est suppose´e constante.
(b) Estimation de la puissance de sortie en fonction des dimensions du ge´ne´rateur.
Les valeurs sont calcule´es en utilisant les performances du microge´ne´rateur de 10 mm
de diame`tre (8 W a` 305.000 tpm).
3.2 Limites pratiques & influences sur
l’architecture
Comme nous venons de le de´montrer, la puissance de´livre´e par le microge´ne´rateur
diminue d’un facteur 105 pour une re´duction d’e´chelle d’un ordre de grandeur. Dans
le Chap. 2, les dispositifs ont de´montre´ une puissance e´lectrique de 8 W a` une vitesse
de rotation de 305.000 tpm. En inse´rant ce re´sultat expe´rimental dans l’Eq. (3.2), la
puissance de sortie est estime´e pour des microge´ne´rateurs de plus petites dimensions,
comme montre´ en Figure 3-1(b). Ceci nous a conduit a` re´duire les dimensions d’un
facteur 5. Les principaux de´fis pre´sente´s par la miniaturisation de tels syste`mes sont
e´nume´re´s ci-dessous.
1. Un aimant est utilise´ pour chaque poˆle magne´tique et est usine´ en utilisant
un laser a` infra-rouge. La technique d’aimantation se´lective pre´sente´e en Sec-
tion 2.4.2, ne peut eˆtre utilise´e car les dimensions des micro-aimants sont trop
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petites. Des simulations ont indique´ que les fuites magne´tiques entre deux
re´gions des teˆtes magne´tiques seraient trop importantes a` cette e´chelle [38].
Il serait donc impossible d’aimanter le mate´riau de manie`re se´lective. C’est
pourquoi, un anneau d’aimant permanent n’est pas utilise´. Cependant, la tech-
nique de de´coupe laser peut potentiellement de´grader les proprie´te´s magne´tiques
aux bords des aimants. Ceci cause la pre´sence de zones non-magne´tiques entre
chaque poˆle. A` cette e´chelle, la re´gion non-magne´tique entre les poˆles repre´sente
un pourcentage non-ne´gligeable de la surface totale du rotor. En augmentant le
nombre de poˆles, le nombre d’aimants et le nombre de zones non-magne´tiques
augmentent, ce qui re´duit le flux magne´tique ge´ne´re´ par le rotor.
2. Le flux magne´tique capture´ par les conducteurs n’est pas attire´ par un mate´riau
en fer doux. Par conse´quent, la composante verticale de l’intensite´ du champ
magne´tique diminue lorsque le nombre de poˆles magne´tiques augmente. Il semble
donc pre´fe´rable de concevoir une architecture avec un petit nombre de paires
de poˆles.
3. Les bobinages planaires de cuivre sont plus simples a` microfabriquer que les
bobinages 3-D. Cependant, ils pre´sentent aussi certaines contraintes qui limitent
leurs dimensions. Un compromis entre le nombre de tours de bobinage et la
re´sistance est donc ne´cessaire.
3.3 Microge´ne´rateurs a` aimants permanents
miniatures
Le microge´ne´rateur e´lectromagne´tique associe un stator comprenant un bobinage
triphase´ de conducteurs de cuivre planaires, et un rotor compose´ d’aimants perma-
nents et d’un fer doux (FeCoV), comme de´crit en Figure 3-2. Contrairement au dis-
positif pre´sente´ en Chap. 2, ces microge´ne´rateurs miniatures sont fabrique´s sur des
plaquettes en silicium, et non sur un mate´riau magne´tique. Plusieurs architectures
sont imple´mente´es pour e´tudier l’influence des proce´de´s de fabrication sur les perfor-
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Figure 3-2 – Sche´ma des microge´ne´rateurs a` aimants permanents miniatures (4
poˆles, 3 tours/poˆle) : (a) vue en perspective et (b) vue de coupe A-B. La couche de
SU-8 n’est pas montre´e dans (a) pour obtenir une meilleure repre´sentation.
mances. Les nombres de poˆles magne´tiques p (deux, quatre et huit) et de tours de
bobine par poˆles N (trois et six) sont ainsi varie´s. De plus, deux types d’aimants per-
manents sont aussi teste´s (NdFeB et SmCo). Les diffe´rents dispositifs sont de´signe´s
par p-N.
3.4 Rotor : microstructures magne´tiques
La microfabrication d’aimants permanents est difficile. Depuis quelques anne´es,
des technologies tre`s prometteuses sont de´veloppe´es (par exemple, e´lectrode´position)
[40–44]. Bien que les proprie´te´s magne´tiques soient proches de celles des mate´riaux
commerciaux, les e´paisseurs ne sont pas encore assez importantes pour notre applica-
tion. Par conse´quent, des plaques d’aimant de 0.5 mm d’e´paisseur sont micro-usine´es
avec un laser infrarouge (Nd :YLF). Les mate´riaux en SmCo et NdFeB ont e´te´ utilise´s.
La ge´ome´trie des microstructures est dicte´e par le nombre de poˆles du ge´ne´rateur,
comme montre´ en Figure 3-3. Une fois usine´e, les micro-aimants sont aimante´s et
assemble´s en respectant l’alternance des poˆles magne´tiques.
Nous avons mesure´ les proprie´te´s magne´tiques des ces micro-aimants en scannant
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Figure 3-3 – Images MEB des micro-aimants usine´s avec un laser infrarouge : (a-c)
SmCo et (d) NdFeB.
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leur surface avec un capteur a` effet Hall. Nous avons observe´ que les aimants en
NdFeB e´taient sensiblement de´grade´s aux bords du mate´riau, certainement dus a`
la tempe´rature du faisceau laser durant la de´coupe. Le mate´riau est ainsi oxyde´, et
donc non-magne´tique. Cependant, les deux types d’aimant ont montre´ des proprie´te´s
proches des pie`ces qui n’ont pas e´te´ de´coupe´es, confirmant que la de´coupe laser est
une approche pratique pour la fabrication de micro-aimants.
3.5 Stator : micro-conducteurs planaires
Plusieurs architectures ont e´te´ conc¸ues en fonction du nombre de poˆles du dispo-
sitif (deux, quatre et huit poˆles). Nous avons aussi fabrique´ des stators avec trois et
six tours de bobine, l’objectif e´tant de comparer les performances des diffe´rentes ma-
chines, et d’en de´duire les re`gles d’architecture a` cette e´chelle. La Figure 3-4 montre
trois types de bobinage. Les conducteurs radiaux, qui capturent le flux magne´tique
ge´ne´re´ par le rotor a` aimants permanents, sont similaires pour tous les stators (i.e.,
meˆme largeur, diame`tre externe, diame`tre interne).
La fabrication des micro-conducteurs est similaire a` celle reporte´e en Section 2.4.1,
ou` deux couches de cuivre sont e´lectrode´pose´es et isole´es par une couche de SU-8.
L’e´paisseur totale du bobinage est de 30 µm. 52 stators e´taient fabrique´s sur chaque
plaquette en silicium de 75 mm de diame`tre. Les stators e´tait ensuite de´coupe´s indi-
viduellement, comme montre´ en Figure 3-5. Chaque stator e´tait finalement assemble´
dans un boˆıtier en ce´ramique, et ses plots e´lectriques e´taient connecte´s aux plots du
boˆıtier par des fils d’aluminium.
La re´sistance des micro-conducteurs a e´te´ mesure´e, calcule´e et simule´e. Les calculs
sont base´s sur des conside´rations ge´ome´triques, alors que les simulations ont e´te´ ef-
fectue´es a` l’aide des me´thodes a` e´le´ments finis. La Table 3.1 de´taille les re´sultats. Les
stators a` six tours de bobine exhibe une re´sistance trois fois supe´rieure aux stators
a` trois tours. Cela est due aux plus petites dimensions des micro-conducteurs et aux
limites de la microfabrication.
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(a) (b)
(c)
Figure 3-4 – Sche´mas des architectures des bobinages statoriques miniatures : (a) 2
poˆles, 6 tours par poˆle, (b) 4 poˆles, 6 tours par poˆle, and (c) 8 poˆles, 3 tours par poˆle.
Figure 3-5 – Stator individuellement de´coupe´. Notez les diffe´rentes ge´ome´tries.
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Figure 3-6 – Stator assemble´ : (2 poˆles, 3 tours par poˆle).
Nume´ro Re´sistance Re´sistance Re´sistance Re´sistance du
du stator mesure´e simule´e calcule´e stator assemble´
(p-N) (mΩ) (mΩ) (mΩ) (mΩ)
2-3 467 443 437 573
2-6 1328 1192 1324 1442
4-3 505 527 517 610
4-6 1530 1440 1485 1644
8-3 610 667 648 720
Table 3.1 – Mesures des re´sistances des stators.
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3.6 Ge´ne´ration de puissance e´lectrique
3.6.1 Mesures de tension e´lectrique
En utilisant le banc de test pre´sente´ en Section 2.5.1, les microge´ne´rateurs de
2 mm de diame`tre sont caracte´rise´s jusqu’a` des vitesses de rotation de 400.000 tpm.
La proce´dure d’alignement est aussi similaire, et la distance rotor-stator est fixe´e a`
50 µm. Par conse´quent, la tension de sortie en circuit ouvert est mesure´e en fonc-
tion de la vitesse de rotation. Les re´sultats sont reporte´s en Figure 3-7. Tous les
microge´ne´rateurs pre´sentent une line´arite´ entre la vitesse de rotation et la tension
de sortie. Les dispositifs a` six tours de conducteurs planaires de´montrent des ten-
sions deux fois supe´rieures aux syste`mes a` trois tours de conducteurs. De plus, les
microge´ne´rateurs a` deux poˆles en NdFeB montrent des performances 45% supe´rieures
aux dispositifs similaires utilisant un rotor en SmCo. Cependant, cela n’est plus va-
lide pour les syste`mes a` quatre et huit poˆles magne´tiques, indiquant la de´gradation
des microstructures en NdFeB due a` l’usinage laser. De plus, il est difficile d’assem-
bler manuellement les microstructures magne´tiques. Ceci cause l’addition d’un espace
irre´gulier entre chaque aimant permanent, et affecte les performances des dispositifs.
La de´pendance entre la tension ge´ne´re´e et la distance rotor-stator est mise en
e´vidence dans la Figure 3-8. Pour des grandes distances rotor-stator, la tension ge´ne´re´e
est sensiblement plus faible que pour des petites distances. Cependant, cette dimi-
nution de performances est contrebalance´e par une bien meilleure stabilite´ du mi-
croge´ne´rateur dans des dispositifs inte´gre´s. Si l’entrefer est plus grand, la sensibilite´
du rotor aux perturbations exte´rieures est diminue´e.
3.6.2 Mesures de puissance e´lectrique
Des re´sistances de charge sont ensuite connecte´es aux bornes des microge´ne´rateurs.
La tension de charge est mesure´e, et est utilise´e pour calculer le puissance de´livre´e
par les dispositifs. La Figure 3-9 montre la puissance monophase´e ge´ne´re´e par le
microsyste`me 4-6-NdFeB pour plusieurs re´sistances de charge a` diffe´rentes vitesses
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Figure 3-7 – Mesures de tension en circuit ouvert en fonction de la vitesse de rotation
avec un rotor en (a) SmCo et (b) NdFeB.
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Figure 3-8 – De´pendance de la tension en circuit ouvert par unite´ de vitesse en
fonction de la distance rotor-stator pour les microge´ne´rateurs a` trois tours de bobinage
avec un rotor en (a) SmCo et (b) NdFeB.
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Figure 3-9 – Puissance de sortie mesure´e aux bornes de re´sistances de charge et
pour plusieurs vitesses de rotation. Le microge´ne´rateur utilise´ est un rotor a` 4 poˆles
en NdFeB, et un stator a` 6 tours de conducteurs de cuivre.
de rotation. La puissance est maximum pour une re´sistance de charge e´gale a` la
re´sistance des conducteurs planaires. Les lignes indiquent les puissances calcule´es. La
Figure 3-10 de´taille tous les re´sultats expe´rimentaux. Le microge´ne´rateur 4-6-NdFeB
de 2 mm de diame`tre a de´montre´ une puissance de sortie de 6.6 mW a` une vitesse de
rotation de 392.000 tpm. Ceci correspond a` une densite´ de puissance de 1,95 W.cm−3.
3.7 Micromachine e´lectromagne´tique rotative
a` air comprime´
L’utilisation du banc de test s’est ave´re´e tre`s utile pour la caracte´risation des
microge´ne´rateurs. Dans un effort constant de miniaturisation et d’inte´gration, nous
avons de´veloppe´ une micromachine a` air comprime´ inte´grant un microge´ne´rateur rota-
tif a` aimants permanents de 2 mm de diame`tre et une turbine en polyme`re supporte´e
par roulement a` billes.
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Figure 3-10 – Puissance e´lectrique triphase´e de´livre´e par les microge´ne´rateurs avec
un rotor en (a) SmCo, et (b) NdFeB.
3.7.1 Architecture de la micromachine
La micromachine e´lectromagne´tique inte´gre´e combine des fonctionnalite´s fluidique,
me´canique, magne´tique et e´lectrique. Pre´sente´ en Figure 3-11, le syste`me convertit
une e´nergie fournie par une source de pression, en e´nergie me´canique via une tur-
bine a` flux radial. Cette e´nergie est ensuite transforme´e en e´nergie e´lectrique par un
des microge´ne´rateurs synchrones a` flux magne´tique axial. Le syste`me ne´cessite une
grande stabilite´ me´canique pour maintenir une distance de l’ordre de 100 µm entre
le stator et le rotor a` haute vitesse. La turbine et les canaux fluidiques n’ont pas
e´te´ optimise´s pour l’efficacite´, mais plutoˆt simplifie´s dans le but d’une possible pro-
duction de masse. Ainsi, la turbine est re´duite a` six pales droites place´es a` 60◦ l’une
de l’autre. Le microge´ne´rateur e´lectromagne´tique associe un stator comprenant un
bobinage triphase´ de conducteurs de cuivre planaires, et un rotor compose´ de deux
paires de poˆles d’aimants permanents (NdFeB) et d’un fer doux (FeCoV).
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Figure 3-11 – Sche´mas de la micromachine e´lectromagne´tique inte´gre´e : (a) vue en
coupe, (b) vue ge´ne´rale.
3.7.2 Fabrication & assemblage
L’assemblage fluidique et la turbine sont fabrique´s par ste´re´ophotographie (SLA)
[45]. Une re´sine liquide est polyme´rise´e par un faisceau laser pour former des structures
tridimensionnelles. Le trace´ suivi par le laser est de´fini a` l’aide d’un mode`le conc¸u
par ordinateur (CAO). Cette technique de haute re´solution est tre`s re´pandue pour la
conception rapide de prototypes 3-D en polyme`re, et est compatible avec les me´thodes
de micro-moulage pour une production de masse a` couˆt re´duit. Un choix judicieux
du polyme`re permet de fabriquer une micromachine le´ge`re, et pourtant assez robuste
pour supporter des flux d’air a` pressions e´leve´es. La turbine est installe´e sur un
syste`me de roulement a` billes pour assurer une bonne stabilite´ du syste`me rotatif a`
tre`s haute vitesse. Les aimants permanents et le fer doux sont inte´gre´s dans la partie
basse de la turbine. Des fils e´lectriques externes sont ajoute´s et connecte´s avec les plots
du stator. Les diffe´rents e´le´ments, montre´s en Figure 3-12(a), sont ensuite assemble´s
en inse´rant des piliers d’alignement d’un e´le´ment avec leurs comple´mentaires dans
la partie oppose´e, sans pre´caution particulie`re pour les aligner, ou pour ajuster la
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(a) (b)
Figure 3-12 – La micromachine magne´tique, (a) avant et (b) apre`s assemblage.
distance entre le rotor et le stator. Pre´sente´e en Figure 3-12(b), la micromachine
inte´gre´e occupe un volume total de 1,1 cm3, et pe`se 1,5 g.
3.7.3 Re´sultats expe´rimentaux
3.7.3.1 Caracte´risation fluidique
Pour tester les caracte´ristiques fluidiques de la micromachine, la vitesse de rota-
tion du rotor est mesure´e en fonction de la pression d’entre´e, comme repre´sente´e en
Figure 3-13. La pression ne´cessaire au de´marrage de la turbine est d’environ 25 kPa,
ce qui est supe´rieure a` la pression a` laquelle le syste`me fonctionne. A` 200.000 tpm, le
rotor devient instable et s’e´crase contre le stator.
Pour comparaison, la vitesse de rotation de la turbine commerciale utilise´e sur le
banc de test est aussi reporte´e. Bien que la turbine commerciale puisse acque´rir des
vitesses supe´rieures, les courbes pression-vitesse des deux turbines sont similaires sur
une feneˆtre de 0 a` 200 ktpm, confirmant la bonne architecture de la partie fluidique
de la micromachine.
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Figure 3-13 – Performance de la turbine microfabrique´e en fonction de la pression
d’entre´e. Pour comparaison, les performances de la turbine commerciale sont aussi
indique´es.
3.7.3.2 Ge´ne´ration de puissance
Le signal de sortie montre´ en Figure 3-14 est caracte´ristique du microge´ne´rateur
triphase´. Les trois phases sont parfaitement sinuso¨ıdales et syme´triques, indiquant un
alignement pre´cis entre le rotor magne´tique et le stator. A` une vitesse de rotation de
92.000 tpm, la micromachine ge´ne`re une tension alternative en circuit ouvert d’une
amplitude de 30 mV (= 10,6 mVrms) a` une fre´quence de 3,2 kHz.
La tension monophase´e RMS de´livre´e par le microsyste`me est mesure´e en fonction
de la vitesse de rotation du rotor, et de la fre´quence e´lectrique du signal, comme
montre´ en Figure 3-15(a). La tension en circuit ouvert (Voc), et la tension (Vload)
mesure´e aux bornes d’une re´sistance de charge de 0,6 Ω sont repre´sente´es, et croissent
line´airement en fonction de la vitesse du rotor. La puissance est calcule´e en utilisant
la tension mesure´e aux bornes de la re´sistance de charge. De plus, la puissance totale
d’un ge´ne´rateur triphase´ est le triple de la puissance monophase´e. Par conse´quent,
la micromachine de´veloppe au maximum une puissance triphase´e de 0,8 mW a` une
vitesse de rotation de 203.000 tpm. Ceci correspond a` un rapport puissance-poids de
0,5 mW.g−1 et a` une densite´ de puissance de 0,7mW.cm−3.
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Figure 3-14 – Signal de sortie des trois phases du microge´ne´rateur a` aimants per-
manents a` 92.000 tpm.
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Figure 3-15 – Mesures de la tension (a) et de la puissance (b) de sortie monophase´e
en fonction de la vitesse de rotation du rotor et de la fre´quence e´lectrique du signal.
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Re´fe´rence
OD T Vitesse Puissance Volume Vitesse
(mm) (mm) (ktpm) (W) (cm3) (cm/s)
Holmes [23] 7,0 1,6 30 0,0011 0,062 1099,6
Pan [26] 5,0 2,0 2,2 0,0004 0,039 58,6
Raisigel [25] 8,0 0,6 380 5 0,030 15917,4
Arnold [24] 9,5 2,3 120 1,3 0,160 5969,0
10-mm generator 10,0 2,3 305 8 0,062 15969,8
2-mm generator 2,0 1,1 390 0,0066 0,0034 4084,1
Table 3.2 – Caracte´ristiques et re´sultats expe´rimentaux des microge´ne´rateurs.
3.8 Performance & re´duction d’e´chelle
Il est difficile de comparer directement plusieurs microge´ne´rateurs car ils ne sont
pas toujours teste´s a` leur vitesse maximum. Les re´sultats bruts et les caracte´ristiques
des microge´ne´rateurs sont pre´sente´s en Table 3.2. Pour comparer ces dispositifs, nous
pre´sentons deux mesures de densite´ de puissance normalise´e en fonction de la vi-
tesse du rotor. Lorsque les dimensions sont re´duites, les de´fis technologiques et les
compromis entre fabrication et performance sont nombreux. Il est ainsi pre´vu que
les plus petits microge´ne´rateurs pre´senteront des densite´s de puissance plus faible
que les autres a` la meˆme vitesse de rotation (en tpm). Cependant, lorsque les di-
mensions du rotor sont re´duites, les contraintes dans les aimants sont diminue´es. En
the´orie, il est donc possible de faire tourner ces microge´ne´rateurs a` des vitesses bien
supe´rieures. Finalement, les microge´ne´rateurs miniatures ont des densite´s de puis-
sance normalise´es comparables aux autres microsyste`mes reporte´s dans la litte´rature,
tout en e´tant bien plus petits. Ceci confirme la qualite´ de l’architecture utilise´e et du
couplage e´lectro-me´canique.
3.9 Conclusions
Dans ce chapitre, nous avons pre´sente´ la miniaturisation de microge´ne´rateurs a`
aimants permanents pour des applications de faible puissance. Plusieurs architectures
ont e´te´ e´tudie´es et ont permis de de´finir des conditions limites sur la fabrication
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Re´fe´rence
Densite´ de Densite´ de Densite´ de
puissance puiss. norm. #1 puiss. norm. #2
(W/cm3) (pW/cm3.rpm2) (nW/cm3.(cm/s)2)
Holmes [23] 0,0179 19,8 14,8
Pan [26] 0,0105 2092,2 3052,6
Raisigel [25] 165,8 1148,1 654,3
Arnold [24] 8,0 553,8 223,8
10-mm generator 44,3 476,1 173,7
2-mm generator 1,9 12,8 116,6
Table 3.3 – Comparaisons des microge´ne´rateurs.
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Figure 3-16 – Densite´ de puissance normalise´e (W/cm3.(cm/s)2) en fonction du
volume des ge´ne´rateurs. Les microsyste`mes fabrique´s sont repre´sente´s en rouge.
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et la se´lection des micro-aimants. Les microge´ne´rateurs de 2 mm de diame`tre ont
ensuite e´te´ inte´gre´s avec un assemblage fluidique et une microturbine en polyme`re.
Cet assemblage se caracte´rise par sa simplicite´ de fabrication et de fonctionnement,
en comparaison de syste`mes similaires en silicium.
De futures ame´liorations seront a` apporter sur l’augmentation des densite´s de
puissance. L’addition d’un fer doux en-dessous des conducteurs de cuivre ame´liorerait
le circuit magne´tique, et donc les performances des microge´ne´rateurs. L’optimisation
de l’architecture de la microturbine permettrait d’atteindre des vitesses de rotation
plus e´leve´es, et donc de meilleures performances.
CHAPITRE 4
VERS UNE MICROMACHINE A` GAZ
CHAUD
Comme nous l’avons expose´ pre´ce´demment, le de´veloppement de microconvertis-
seurs d’e´nergie me´canique en e´nergie e´lectrique comme composants d’une microma-
chine a` combustion est tre`s intense. Dans ce chapitre, nous pre´sentons deux e´tapes im-
portantes dans la re´alisation d’un tel dispositif qui fonctionne a` hautes tempe´ratures.
Premie`rement, nous de´taillons la fabrication et les mesures expe´rimentales d’un
microge´ne´rateur en silicium supporte´ par des paliers pneumatiques. Ce microsyste`me
re´sulte d’une collaboration avec une e´quipe de recherche au MIT. Leur expertise
a permis la fabrication des e´le´ments en silicium, ainsi que la mode´lisation des pa-
liers pneumatiques. Nous avons fabrique´ un microge´ne´rateur a` aimants permanents
compatible avec les contraintes impose´es par leur syste`me. Des choix innovants de fa-
brication et d’architecture sont ne´cessaires afin d’inte´grer le ge´ne´rateur et le syste`me
rotatif.
Deuxie`mement, les performances du microge´ne´rateur pre´sente´ dans le Chap. 2
sont mesure´es a` haute tempe´rature. Les micromachines inte´gre´es sont si compactes
que les ge´ne´rateurs doivent fonctionner a` proximite´ du moteur a` combustion (i.e., a`
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des tempe´ratures e´leve´es). Cette analyse est la premie`re mesure expe´rimentale des per-
formances d’un microge´ne´rateur a` aimants permanents en fonction de la tempe´rature
environnante.
4.1 Microge´ne´rateurs en silicium supporte´s par
des paliers pneumatiques
En collaboration avec B. C. Yen, Pr. Z. S. Spakovszky et Pr. Lang du MIT, nous
avons conc¸u un microge´ne´rateur a` aimants permanents en silicium supporte´ par des
paliers pneumatiques. Ces caracte´ristiques sont essentielles pour la re´alisation d’une
micromachine rotative a` gaz chaud. L’objectif est donc d’inte´grer les microge´ne´rateurs
de´veloppe´s par Ga Tech [24,31,33],avec les microturbines du MIT [2]. Dans cette sec-
tion, nous pre´sentons les de´fis associe´s avec le microge´ne´rateur. A` cause des contraintes
impose´es par la microstructure en silicium, de nouvelles approches technologiques ont
e´te´ invente´es. Les performances du microge´ne´rateur sont ensuite reporte´es. Notons
que le fonctionnement de la microturbine est de´taille´ dans [46].
4.1.1 Pre´sentation ge´ne´rale
Le microsyste`me comprend un rotor en silicium a` aimants permanents et un sta-
tor e´lectrique. Le rotor est totalement libre, car il est supporte´ radialement et axia-
lement par des roulements a` air. Le rotor le´vite en ajustant les pressions des flux
d’air verticaux. Lorsqu’un flux d’air radial est ajoute´, la turbine acce´le`re. On parle de
mode super-critique lorsque le rotor surpasse sa fre´quence de re´sonance ou` l’instabilite´
est maximum. En raison des dimensions, la fre´quence de re´sonance est relativement
faible (quelques kHz = quelques ktpm). Par conse´quent, le rotor doit eˆtre capable
de fonctionner en mode super-critique pour atteindre de tre`s hautes vitesses de ro-
tation. Deux sche´mas du microge´ne´rateur en silicium sont montre´s en Figure 4-1. Le
microsyste`me est compose´ de sept plaquettes de silicium. Le microge´ne´rateur, non
repre´sente´ en Figure 4-1(b), est une machine synchrone a` trois phases, et huit poˆles
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(a) (b)
Figure 4-1 – Sche´mas du microge´ne´rateur en silicium : (a) vue en coupe, et (b) vue
3-D. Dans (b), seule la structure en silicium est montre´e.
magne´tiques.
4.1.2 De´fis d’inte´gration
Combiner une microturbine capable de tourner a` plusieurs centaines de milliers
de tours par minute, et un microge´ne´rateur a` grande densite´ de puissance, est tre`s
prometteur. Bien que ceci ait e´te´ mentionne´ depuis longtemps, cela n’a pas encore
e´te´ fabrique´ [8,9,47,48]. La principale raison est probablement lie´e a` la divergence de
techniques de fabrication et de conditions de fonctionnement entre une microturbine
en silicium, et des mate´riaux magne´tiques avec des micro-conducteurs e´lectrode´pose´s.
Plus spe´cifiquement, ces proble`mes sont :
1. L’assemblage de la structure en silicium est tre`s complexe. De nombreux micro-
canaux sont fabrique´s et ne´cessitent une re´solution de l’ordre du micron. Le
microsyste`me contient sept plaquettes de silicium grave´es avec une DRIE. Le
nombre d’e´tapes de photolithographie est donc tre`s conse´quent.
2. Le fonctionnement du rotor a` tre`s grande vitesse exige des flux d’air de hautes
pressions pour maintenir les alignements vertical et horizontal. De plus, les
moindres instabilite´s ou contaminations compromettraient le fonctionnement
de la microturbine.
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3. L’ajout de microstructures magne´tiques dans le rotor repre´sente un de´fi parti-
culier. En plus d’avoir un rotor plus lourd, l’inte´gration des aimants permanents
peut aussi modifier la distribution de masse du rotor. En conse´quence les tech-
niques de fabrication et le protocole d’inte´gration des mate´riaux magne´tiques
doivent eˆtre pre´cisemment controˆle´s dans le but de minimiser le de´se´quilibre du
rotor.
4. Pour e´viter de contaminer les chambres de gravure des DRIE avec du me´tal ou
de la re´sine, il n’est pas possible de fabriquer le bobinage statorique sur une
plaquette neuve avant de graver les tranches dans le silicium. Ainsi, les micro-
conducteurs de cuivre doivent eˆtre e´lectrode´pose´s sur une plaquette tre`s fragile
contenant des tranches profondes, des trous, et des poutres. Des approches de
fabrication alternatives doivent donc eˆtre e´tudie´es.
5. Le rotor libre est enferme´ dans la structure en silicium et entoure´ de micro-
canaux fluidiques. Par conse´quent, les connections e´lectriques du stator ne sont
accessibles qu’en face arrie`re du microsyste`me. Ceci signifie que les connections
inte´gre´es aux micro-conducteurs doivent passer au travers des plaquettes de
silicium.
Nous avons donc de´veloppe´ de nouvelles architectures pour le rotor et le stator.
4.1.3 Micro-conducteurs sans substrat
4.1.3.1 Technique de fabrication
L’inte´gration de, microstructures 3-D compose´es de plusieurs couches de me´tal
e´lectrode´pose´es, dans une cavite´ en silicium est un de´fi car il est difficile de for-
mer et de de´finir des moules en re´sine dans ce type de structures. C’est pourquoi
nous avons de´veloppe´ une nouvelle technique de fabrication permettant d’inte´grer
des micro-conducteurs me´talliques dans des microstructures 3-D pre´sentant d’impor-
tantes diffe´rences de topographies (voir Figure 4-1(a)). Le principe consiste a` fabriquer
se´pare´ment le bobinage sur une plaquette de silicium oxyde´e. Ensuite, le bobinage
est se´pare´ de la plaquette en gravant la couche d’oxyde. Ce proce´de´ re´sulte en la
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Figure 4-2 – Sche´mas des bobinages statoriques microfabrique´s : architecture (a)
adapte´e du Chap. 2, (b) optimise´e. Le sche´ma (c) montre l’inte´gration du bobinage
optimise´ dans un stator en silicium avec un feuilletage en fer doux.
conception de micro-conducteurs sans substrat. Ceux-ci sont ensuite inse´re´s et colle´s
dans la structure en silicium pre´-fabrique´e.
Pour permettre de mesurer la tension aux bornes des micro-conducteurs en face
arrie`re du microsyste`me, des connections ont e´te´ inte´gre´es avec la fabrication du
bobinage. La Figure 4-2(a) et la Figure 4-2(b) montrent les deux architectures micro-
fabrique´es. Les six conducteurs droits sont les connections e´lectriques. Le bobinage
contient trois tours de cuivre, et est compose´ de trois couches de me´tal. Le proce´de´
de fabrication est relativement similaire a` celui que nous avons introduit en Sec-
tion 2.4.1. Les deux architectures ont les meˆmes diame`tres interne et externe, mais
ont des ge´ome´tries diffe´rentes. L’architecture (a) est base´e sur le stator conc¸u en
Chap. 2. Les dimensions interne et externe sont simplement ajuste´es pour que le bo-
binage puisse eˆtre inse´re´ dans la cavite´ du silicium. L’architecture (b) est optimise´e
dans le but d’augmenter la surface contribuant a` la capture du flux magne´tique. Les
conducteurs radiaux sont donc plus longs, ce qui doit permettre la ge´ne´ration d’une
plus grande tension de sortie.
Apre`s que le substrat soit se´pare´ des micro-conducteurs, les six connections sont
plie´es manuellement a` un angle de 90◦. La Figure 4-3 montre deux photographies du
bobinage sans substrat. Bien que la technique de pliage des connections soit manuelle,
le taux de re´ussite de ce proce´de´ e´tait de 100% une fois maˆıtrise´e.
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(a) (b)
Figure 4-3 – Photographies des bobinages sans substrat avec les connections
e´lectriques plie´es manuellement : (a) vue ge´ne´rale, et (b) vue de pre`s. Les six connec-
tions inte´gre´es sont plie´es a` un angle de 90◦ angle.
4.1.3.2 Inte´gration avec le stator en silicium
Des structures de tests ont e´te´ microfabrique´es dans le but de confirmer l’insertion
du bobinage et des connections e´lectriques. Premie`rement, une cavite´ de 250 µm
d’e´paisseur e´tait grave´e par DRIE. Apre`s un nettoyage dans une solution d’acide
sulfurique et d’hydroxyde d’ammonium, les six motifs ne´cessaires a` l’inte´gration des
connections e´lectriques e´taient grave´s en face arrie`re, comme montre´ en Figure 4-4(a).
Pour isoler le bobinage de la structure en silicium, un oxyde d’une e´paisseur de 1 µm
e´tait cre´e´ par voie d’oxydation se`che.
Le bobinage e´tait ensuite inse´re´ dans la cavite´. Une fois l’alignement confirme´,
le bobinage e´tait colle´ dans la microstructure en silicium, comme photographie´ en
Figure 4-4(b).
Apre`s avoir correctement inse´re´ le bobinage, nous devions confirmer que les micro-
conducteurs en cuivre inte´gre´s n’e´taient pas plus e´pais que la profondeur de la cavite´
dans la plaquette en silicium. Rappelons que le rotor le´vite a` une distance de 3 µm au-
dessus de la surface du stator en silicium. En utilisant un syste`me d’interfe´rome´trie,
nous avons image´ la microstructure pre´sente´e en Figure 4-4(b). Les mesures sont
montre´es en Figure 4-5. Les re´sultats indiquent que les micro-conducteurs sont en-
dessous de la surface en silicium, validant la technique de fabrication et le protocole
d’insertion du bobinage.
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(a) (b)
Figure 4-4 – Photographies des structures statoriques de tests : (a) avant l’insertion
du bobinage, et (b) avec le bobinage inte´gre´.
Figure 4-5 – Caracte´risation ge´ome´trique du stator inte´gre´. Les micro-conducteurs
sont situe´s en-dessous de la surface de la structure en silicium.
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4.1.4 Rotor en silicium a` aimants permanents
La structure du rotor est fabrique´e a` partir de trois plaquettes de silicium grave´es
par DRIE. Les mate´riaux magne´tiques sont ensuite place´s manuellement dans la cavite´
du rotor. En raison des tre`s hautes vitesses de rotation, l’inte´grite´ me´canique et
l’e´quilibre du rotor doivent eˆtre parfaitement controˆle´s. Lorsque le rotor tourne, il
le´vite a` 3 µm au-dessus de la surface en silicium, et la distance entre le coˆte´ du
rotor et la structure en silicium est de 30 µm. Pour que la rotation en mode super-
critique soit possible, le de´se´quilibre (i.e., la distance entre le centre de ge´ome´trie et
le centre de masse) du rotor ne doit pas exce´der 5 µm [46]. Par conse´quent, nous
avons utilise´ des pie`ces discre`tes de mate´riaux magne´tiques plutoˆt que les anneaux
pre´sente´s dans le Chap. 2. En effet, le de´se´quilibre des anneaux ne peut pas eˆtre
corrige´ ou compense´. En revanche, il est possible d’ajuster le de´se´quilibre du rotor en
utilisant des pie`ces discre`tes car elles peuvent eˆtre mesure´es, pese´es et place´es d’une
fac¸on pre´-de´termine´e. Par exemple, les pie`ces de meˆme masse sont positionne´es de
manie`re diame´tralement oppose´es. Une vue sche´matique du rotor est pre´sente´e en
Figure 4-6. La structure en silicium, les aimants permanents et les pie`ces en fer doux
(NiFe) sont respectivement en rouge, bleu et jaune. Notons que tous les aimants ne
sont pas montre´s. Le fer doux est un alliage e´lectrode´pose´ en Fer-Nickel de 50 µm
d’e´paisseur. Les aimants permanents en NdFeB sont micro-usine´s par de´coupe laser,
et sont de 500 µm d’e´paisseur, comme montre´ en Figure 4-7. Chaque pie`ce en fer
doux est de´cale´e de 22,5◦ par rapport a` la position des aimants. Ceci permet de cre´er
un chemin continu pour le flux magne´tique, et ainsi d’optimiser les performances du
rotor.
Les simulations de Monte-Carlo effectue´es par B. C. Yen [46] indiquent que le rotor
est e´quilibre´ si l’e´cart-type entre chaque aimant permanent est infe´rieur a` 0,1 mg,
ce qui correspond a` 0,4% du poids de chaque aimant. De plus, les variations de
dimensions doivent eˆtre infe´rieures a` 50 µm. Des groupes de huit aimants e´taient
donc micro-usine´s et mesure´s. Une fois que la technique laser et le nettoyage des
pie`ces ont e´te´ optimise´s, les micro-aimants permanents ont pre´sente´ des variations
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Figure 4-6 – Le rotor a` aimants permanents. Les pie`ces en fer doux et les aimants per-
manents sont de´cale´s de 22,5◦ pour obtenir un chemin continu pour le flux magne´tique.
(a) (b)
Figure 4-7 – Images MEB des mate´riaux magne´tiques microfabrique´s : (a) Ni80Fe20
e´lectrode´pose´, et (b) aimant permanent micro-usine´.
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(a) coˆte´ turbine (b) coˆte´ aimants
Figure 4-8 – Photographies du rotor en silicium a` aimants permanents.
de masse de l’ordre de 0,08 mg et des variations de dimensions d’environ 25µm,
confirmant la technique de fabrication utilise´e. Des photographies du rotor en silicium
a` aimants permanents sont montre´es en Figure 4-8. Chaque pie`ce e´tait colle´e avec une
fine couche de tre`s forte colle. D’apre`s les simulations, un tel rotor supporte´ par des
paliers pneumatiques est capable de tourner a` de tre`s hautes vitesses.
4.1.5 Mesures expe´rimentales avec les structures de tests
Plusieurs mesures expe´rimentales ont e´te´ effectue´es avant de tenter l’assemblage
complet du microge´ne´rateur en silicium. Nous avons tout d’abord mesure´ la vitesse
maximum du rotor en silicium a` aimants permanents. Pour ces tests, une tige e´tait
colle´e sur la face arrie`re du rotor, et celle-ci e´tait inse´re´e dans la turbine utilise´e avec le
banc de tests pre´sente´ en Section 2.5.1. Plusieurs rotors ont e´te´ teste´s, et des vitesses
de rotation de 200.000 tpm ont e´te´ atteintes. A` cette vitesse, les rotors explosaient. La
cause de la rupture me´canique est attribue´e a´ une faible adhe´sion entre les mate´riaux
magne´tiques, la colle et le rotor en silicium [46].
Les mesures de tension en circuit ouvert sont montre´es en Figure 4-9. L’archi-
tecture optimise´e produit une tension en circuit ouvert 53% supe´rieure a` celle de
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Figure 4-9 – Mesures e´lectriques en utilisant l’ancienne version et le nouveau mode`le
du stator. La tension en circuit ouvert est mesure´e en fonction de (a) la vitesse de
rotation du rotor a` une distance rotor-stator de 100 µm, et (b) la distance rotor-stator
a` 150 ktpm.
l’ancienne version (voir Figure 4-2 pour les ge´ome´tries). Cela correspond a` 70% d’aug-
mentation de puissance, car la re´sistance des micro-conducteurs de la nouvelle version
est plus grande que celle de l’ancien mode`le. Ces re´sultats confirment la bonne archi-
tecture du bobinage.
De plus, l’inte´gration d’un feuilletage magne´tique a e´te´ expe´rimentalement teste´e.
Le sche´ma conceptuel est montre´ en Figure 4-2. Des anneaux en NiFe de 300 µm
d’e´paisseur (en bleu dans le sche´ma) ont e´te´ e´lectrode´pose´s a` l’inte´rieur d’une pla-
quette en silicium [49]. L’ajout d’un mate´riau en fer doux re´duit la re´luctance du
circuit magne´tique, et augmente donc le flux magne´tique dans le microge´ne´rateur. Le
feuilletage permet de minimiser les pertes par courant de Foucault dans le mate´riau
ferromagne´tique. Les pertes par courant de Foucault sont de´pendantes de la fre´quence
de fonctionnement, et de la profondeur de peau [50]. Par conse´quent, l’architecture
du feuilletage a e´te´ conc¸ue en fonction de la vitesse maximum de rotation du mi-
croge´ne´rateur et des contraintes de microfabrication. Les re´sultats expe´rimentaux sont
pre´sente´s en Figure 4-10. A` 200.000 tpm, le microge´ne´rateur avec le stator magne´tique
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Figure 4-10 – Mesures de (a) tension en circuit ouvert, et (b) puissance, en fonc-
tion de la vitesse du rotor en utilisant les stators non-magne´tique et magne´tique. A`
200.000 tpm, le stator avec le feuilletage en fer doux exhibe une puissance de 1,05 W.
ge´ne`re une puissance de 1,05 W aux bornes d’une re´sistance de charge ; 2,25 fois
supe´rieure au microge´ne´rateur sans fer doux. Ceci confirme que l’inte´gration d’un
feuilletage magne´tique est be´ne´fique.
4.1.6 Inte´gration du microge´ne´rateur en silicium
L’assemblage et les mesures expe´rimentales du microge´ne´rateur inte´gre´ sont ef-
fectue´s par B. C. Yen au MIT [46]. Cette section pre´sente donc un bref aperc¸u des
re´sultats.
4.1.6.1 Assemblage
Des photographies des parties haute et basse du dispositif sont montre´es en Fi-
gure 4-11. Lors de l’assemblage, le centrage s’effectue avec un microscope et graˆce a`
des marques d’alignement pre´-fabrique´es. La Figure 4-12 pre´sente les faces avant et
arrie`re du stator. Les connections e´lectriques en face arrie`re sont clairement visibles.
Finalement, le microsyste`me est inse´re´ dans un assemblage en acrylique pour pouvoir
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(a) (b)
Figure 4-11 – Photographies du microge´ne´rateur en silicium. La partie haute
contient le rotor libre et la partie basse inte`gre les conducteurs microfabrique´s.
(a) (b)
Figure 4-12 – Zoom sur (a) les conducteurs de cuivre en face avant, et (b) les
connections e´lectriques en face arrie`re.
connecter les diffe´rentes arrive´es d’air, comme montre´ en Figure 4-13. Pour e´viter les
fuites, les parties haute et basse de l’assemblage plastique sont scelle´es avec un joint
en caoutchouc.
4.1.6.2 Re´sultats expe´rimentaux
Dans cette partie, seules les mesures e´lectriques sont reporte´es. Plus de de´tails
concernant le comportement dynamique de la microturbine apparaissent dans [46,51].
Il faut cependant noter que le rotor tourne en mode super-critique, confirmant la
technique de fabrication et le protocole d’insertion des mate´riaux magne´tiques.
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Figure 4-13 – Assemblage en acrylique pour les mesures expe´rimentales.
La tension en circuit ouvert a e´te´ mesure´e pour les trois phases du ge´ne´rateur.
Mis en e´vidence en Figure 4-14(a), les trois signaux sont syme´triques et sinuso¨ıdaux,
indiquant le bon alignement du rotor et du stator. Apre`s avoir mesure´ la tension en
circuit ouvert, des re´sistances de charge de 0,33 Ω ont e´te´ connecte´es aux bornes des
trois phases e´lectriques du stator. La valeur des re´sistances de charge est e´gale a` la
re´sistance des conducteurs planaires, ce qui correspond aux meilleures conditions de
transfert de puissance.
La puissance triphase´e est reporte´e en Figure 4-14(b). A` une vitesse de rotation de
40.000 tpm, le microge´ne´rateur de´montre une puissance de 19 mW. A` cette vitesse,
des instabilite´s dans le syste`me rotatif sont apparues, causant le ralentissement du
rotor. Notons qu’un microsyste`me avec un mate´riau ferromagne´tique feuillete´ dans le
stator a e´te´ fabrique´. Cependant, la force d’attraction entre les aimants permanents
et le fer doux e´tait tre`s grande, et n’a pas pu eˆtre compense´e par l’augmentation de
la pression du flux d’air utilise´ pour la le´vitation du rotor. Par conse´quent, il e´tait
impossible de faire tourner la microturbine.
4.1.7 Conclusions
Nous avons pre´sente´ le de´veloppement d’un microge´ne´rateur magne´tique a` air
comprime´ supporte´ par des paliers pneumatiques. La microturbine et son assemblage
sont fabrique´s en silicium. Par conse´quent, plusieurs technologies sont de´veloppe´es
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Figure 4-14 – Mesures e´lectriques du microge´ne´rateur en silicium. (a) Tension en
circuit ouvert a` une fre´quence de 0,66 kHz, et (b) puissance triphase´e de´livre´e aux
bornes d’une re´sistance de charge en fonction de la vitesse de rotation du rotor.
pour permettre l’inte´gration du ge´ne´rateur e´lectrique. Ces technologies, de´taille´es ci-
dessous, ont e´te´ confirme´es au pre´alable avec des structures de tests.
– Des conducteurs planaires sans substrat ont e´te´ microfabrique´s pour faciliter
leur inte´gration dans un stator en silicium pre´sentant d’importantes topogra-
phies.
– De plus, des connections e´lectriques inte´gre´es sont microfabrique´es et manuelle-
ment plie´es a` un angle de 90◦. Elles sont ensuite inse´re´es dans des trous pre´vus
a` cet effet dans le stator en silicium. Ainsi, le courant ge´ne´re´ par le dispositif
peut eˆtre directement mesure´ en face arrie`re du dispositif.
– Une me´thode de de´coupe laser des mate´riaux magne´tiques a e´te´ utilise´e. Chaque
e´le´ment e´tait ensuite mesure´ et pese´. Un protocole d’insertion prenant en compte
les caracte´ristiques de chaque structure magne´tique a e´te´ e´labore´ dans le but
d’e´quilibrer parfaitement le rotor a` aimants permanents.
Les re´sultats acquis avec les structures de tests sont e´nonce´s ci-dessous.
1. En utilisant le banc de test pre´sente´ dans le Chap. 2, des tests de ruptures
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me´caniques ont e´te´ effectue´s avec les rotors en silicium. Des vitesses de 200 ktpm
ont e´te´ mesure´es. La cause des ruptures est attribue´e a` des proble`mes d’adhe´sion
entre les aimants et la structure en silicium.
2. En ajoutant les micro-conducteurs statoriques, une puissance de 0.3 W a e´te´
mesure´e a` une vitesse de rotation de 150.000 tpm et une distance rotor-stator de
100 µm. Le stator avec un feuilletage magne´tique de´montra une augmentation
de puissance de 125%. A` une vitesse de 200.000 tpm, cela correspond a` une
puissance de sortie de 1 W mesure´e aux bornes d’une re´sistance de charge.
Finalement, le microsyste`me inte´gre´ a e´te´ teste´ au MIT. Le rotor est capable de
tourner au-dessus de sa fre´quence de re´sonance (i.e., mode super-critique) avec les pa-
liers pneumatiques, confirmant son bon e´quilibre et donc nos techniques d’inte´gration.
Le microge´ne´rateur de´livre une puissance totale de 19 mW a` une vitesse de rotation
de 40.000 tpm.
4.1.8 Vers plus de puissance
Il y a plusieurs manie`res d’ame´liorer la puissance de´livre´e par le microge´ne´rateur
en silicium.
1. La vitesse de rotation du rotor en silicium doit eˆtre augmente´e. Si le rotor tour-
nait a` 200.000 tpm au lieu de 40.000 tpm, la puissance augmenterait de 25
fois. Pour se faire, la structure en silicium doit eˆtre plus rigide pour suppor-
ter des pressions plus importantes et permettre une meilleure stabilisation du
rotor a` hautes vitesses. De plus, l’absence de contaminations doit eˆtre parfai-
tement assure´e pendant le proce´de´ d’inte´gration des mate´riaux magne´tiques et
des conducteurs de cuivre.
2. L’inte´gration d’un fer doux feuillete´ de 900 µm d’e´paisseur dans la structure
statorique permettrait une augmentation de puissance d’un facteur 3-4 [46].
Avec les structures de tests, nous avons de´ja` de´montre´ une puissance de sortie
2,25 fois supe´rieure en utilisant un fer doux feuillete´ en fer-nickel d’une e´paisseur
de 300 µm.
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3. Des conducteurs plus e´pais pour diminuer la re´sistance, ou encore une distance
rotor-stator plus petite sont d’autres solutions possibles pour augmenter la puis-
sance du microge´ne´rateur en silicium supporte´ par des paliers pneumatiques.
4.2 Fonctionnement a` hautes tempe´ratures
des microge´ne´rateurs
Une majorite´ des microge´ne´rateurs est de´veloppe´e dans le but d’eˆtre inte´gre´e avec
une micromachine a` gaz chaud. Pour des syste`mes compacts, le microge´ne´rateur et la
turbine a` combustion sont situe´s a` proximite´ l’un de l’autre. En conse´quence, le mi-
croge´ne´rateur doit fonctionner dans un environnement de hautes tempe´ratures. Une
de´gradation des performances est donc pre´vue. En utilisant les dispositifs pre´sente´s
dans le Chap. 2, nous mesurons comment les aimants permanents et les conducteurs de
cuivre sont affecte´s par la tempe´rature. De cette e´tude de´coule un mode`le analytique
pour estimer la puissance de sortie du microsyste`me en fonction de la tempe´rature. Fi-
nalement, des mesures expe´rimentales du microge´ne´rateur sont directement conduites
a` hautes tempe´ratures.
La gamme de tempe´rature est dicte´e par les analyses effectue´es sur les microma-
chines a` gaz chaud [11, 47, 52, 53]. En conside´rant que le ge´ne´rateur soit place´ dans
la partie froide du syste`me, c’est-a`-dire a` proximite´ du compresseur, la tempe´rature
devrait eˆtre de l’ordre de 200-400◦C.
4.2.1 Proprie´te´s des mate´riaux des microge´ne´rateurs
a` hautes tempe´ratures
La de´pendance en tempe´rature des microstructures magne´tiques est mesure´e avec
un VSM (Vibrating Sample Magnetometer) comprenant un four inte´gre´. Pour chaque
mesure, la tempe´rature est stabilise´e pendant quelques minutes avant l’enregistrement
de la valeur. Une rampe de 25◦C/min est utilise´e. La Figure 4-15 montre l’effet de
la tempe´rature sur la re´manence des micro-aimants. Les mesures sont normalise´es
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Figure 4-15 – Re´manence des micro-aimants en fonction de la tempe´rature. Les
valeurs, mesure´es avec un VSM, sont normalise´es par rapport a` la re´manence a` 25◦C.
par rapport a` la valeur de la re´manence a` la tempe´rature ambiante. Evidemment, les
micro-aimants en SmCo ne sont pas autant affecte´s par la tempe´rature que les micro-
aimants en NdFeB. Cette expe´rience permet d’extraire un coefficient αPM pour de´crire
la de´pendance en tempe´rature des micro-aimants.
La re´sistance des conducteurs planaires en cuivre est ensuite e´value´e en fonction
de la tempe´rature, le stator e´tant place´ sur une plaque chauffante, et la re´sistance
e´tant mesure´e avec une me´thode 4 pointes. Les re´sultats sont montre´s en Figure 4-16
et indiquent une augmentation line´aire de la re´sistance en fonction de la tempe´rature.
A 225◦C la re´sistance est 1,8 fois supe´rieure a` sa valeur initiale. Un coefficient β est
de´fini pour exprimer la de´pendance en tempe´rature des micro-conducteurs planaires.
Clairement de´taille´e dans [54], la puissance P(T) peut eˆtre exprime´e comme une
fonction de la tempe´rature exte´rieure T et de la puissance a` tempe´rature ambiante
P(25◦C). Les coefficients αPM et β sont mesure´s de manie`re expe´rimentale. Ce mode`le
se base sur la line´arite´ entre la re´manence et la tension de sortie de´livre´e par le
microge´ne´rateur, ainsi que sur les de´pendances en tempe´rature des mate´riaux utilise´s.
P (T ) = P (25◦C)× [1 + αPM × (T − 25)]
2
[1 + β × (T − 25)] (4.1)
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Figure 4-16 – Re´sistance des conducteurs planaires en cuivre en fonction de la
tempe´rature. Les valeurs sont normalise´es par rapport a` la re´sistance a` 25◦C.
(R(25◦C) = 172 mΩ).
4.2.2 Puissance et tempe´rature
Les performances des microge´ne´rateurs sont mesure´es a` des tempe´ratures allant
jusqu’a` 100◦C. Un petit four est fabrique´ pour chauffer localement le rotor et le stator,
sans causer de dommages pour les roulements a` billes de la turbine. Le four, montre´
en Figure 4-17, est compose´ d’un tube en me´tal et d’un fil de cuivre connecte´ a` une
source de courant ; le diame`tre inte´rieur e´tant de 15 mm.
Pour les mesures de puissance, la distance rotor-stator est fixe´e a` 100 µm. L’e´lectro-
nique est la meˆme que celle introduite dans le Chap. 2. Notons que ce convertisseur
de courant ac/dc est maintenu a` tempe´rature ambiante.
Les re´sultats sont pre´sente´s en Figure 4-18. A` 100◦C et a` une vitesse de rotation de
200.000 tpm, une puissance de sortie de 2,7 W est mesure´e pour le microge´ne´rateur
utilisant un rotor en SmCo. Ceci correspond a` une perte de puissance de 35%, et
est confirme´e par le mode`le de´veloppe´ en Section 4.2.1. A 300◦C, les pertes sont
estime´es a` 70%, inde´pendamment de la vitesse (voir Figure 4-18(b)). Cependant, le
microsyste`me ge´ne`re tout de meˆme plus de 2 W a` 300.000 tpm.
Le microge´ne´rateur avec un rotor en NdFeB de´montre de meilleures performances
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Figure 4-17 – Sche´ma du banc de test expe´rimental pour les mesures a` hautes
tempe´ratures. L’encadre´ montre le four fabrique´ dans le but de chauffer localement
le rotor et le stator.
a` tempe´rature ambiante mais le microge´ne´rateur avec un rotor en SmCo le surpasse
de`s 60◦C. Les sources principales de de´gradation de la puissance de sortie a` hautes
tempe´ratures sont diffe´rentes en fonction du type de microge´ne´rateurs. Dans le cas
du microsyste`me avec les aimants en NdFeB, les pertes sont majoritairement dues a`
la diminution de la re´manence des micro-aimants. Dans le cas du dispositif utilisant
les aimants en SmCo, les performances sont principalement alte´re´es en raison de
l’augmentation de la re´sistance des conducteurs planaires.
4.2.3 Conclusions : Microge´ne´rateurs a` hautes tempe´ratures
Les micromachines a` combustion fonctionnent a` des tempe´ratures relativement
importantes. Par conse´quent, les microge´ne´rateurs a` aimants permanents doivent
eˆtre capable de de´livrer un certain niveau de puissance e´lectrique dans un tel en-
vironnement. Nous avons donc e´value´ les performances des dispositifs pre´sente´s dans
le Chap. 2 a` des tempe´ratures e´leve´es. Expe´rimentalement, nous avons de´montre´
qu’avec un choix judicieux de mate´riaux, ce type de microge´ne´rateurs est attractif
car ge´ne´rant suffisamment de puissance e´lectrique. Avec un microsyste`me en SmCo
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Figure 4-18 – Performances des microge´ne´rateurs a` hautes tempe´ratures : Rotor en
(a-b) SmCo et (c-d) NdFeB. Les points repre´sentent les mesures, et les lignes indiquent
la puissance calcule´e.
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tournant a` 300.000 tpm, une puissance supe´rieure a` 2 W est d’ailleurs calcule´e pour
une tempe´rature de 300◦C.
4.3 Conclusions
Dans ce chapitre, nous avons pre´sente´ deux e´tudes importantes pour la concep-
tion d’une micromachine rotative a` gaz chaud. Premie`rement, nous avons de´crit le
de´veloppement d’un microge´ne´rateur en silicium supporte´ par des paliers a` air. L’ar-
chitecture de ce microsyste`me est compatible avec l’architecture de la micromachine.
Deuxie`mement, nous avons mesure´ les performances des microge´ne´rateurs a` aimants
permanents dans un environnement a` tempe´rature e´leve´e, de´montrant que ce type de
dispositif est un choix approprie´ pour transformer l’e´nergie me´canique en puissance
e´lectrique dans une micromachine a` combustion. Une pre´diction des performances
du microge´ne´rateur en silicium a` hautes tempe´ratures est pre´sente´e en Table 4.1.
Ces calculs confirment le potentiel de ce type de microsyste`me pour la ge´ne´ration de
puissance a` partir d’une source de gaz.
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Proprie´te´s Temp. Diminution de Augmentation de Puissance
du ge´ne´rateur (◦C) la re´manence (%) la re´sistance (%) (mW)
NdFeB (40 ktpm)
25 x x 19
100 42 30 4.9
300 99.97 106 0.01
NdFeB (200 ktpm)
25 x x 475
100 42 30 122.5
300 99.97 106 0.2
SmCo (40 ktpm)
25 23 x 11.5
100 3 30 8.3
300 14 106 4.1
SmCo (200 ktpm)
25 23 x 287
100 3 30 208
300 14 106 103
Table 4.1 – Pre´diction de la puissance de´livre´e par le microge´ne´rateur en silicium a`
hautes tempe´ratures. La premie`re ligne indique les re´sultats expe´rimentaux (19 mW a`
40 ktpm a` 25◦C). Les lignes suivantes de´taillent la puissance calcule´e en fonction de la
tempe´rature, et en conside´rant des changements d’architecture et de fonctionnement.

CHAPITRE 5
MICROFABRICATION D’UN
PULSEJET POUR LA GE´NE´RATION
DE PUISSANCE
5.1 Introduction & motivation
Jusqu’a` pre´sent, nous avons de´montre´ que le de´veloppement des microge´ne´rateurs
a` aimants permanents est tre`s rapide. Cependant, la micro-technologie des convertis-
seurs d’e´nergie chimique en e´nergie me´canique n’est pas aussi mature. Lorsque leurs
dimensions diminuent, ils deviennent difficiles a` fabriquer et a` faire fonctionner car :
1. Il est difficile de reproduire a` l’e´chelle des microsyste`mes, la complexite´ et l’as-
pect tri-dimensionnel des moteurs a` combustion.
2. La fre´quence de fonctionnement requise pour maintenir le meˆme niveau de puis-
sance de sortie doit augmenter, impliquant des vitesses de rotations plus e´leve´es.
Les microturbines rotatives a` gaz chaud imposent donc des contraintes tre`s se´ve`res sur
les tole´rances et sur les mate´riaux. Par conse´quent, nous proposons la miniaturisation
d’un autre type de machine a` combustion, connu sous le nom de pulsejet (machine a`
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jets pulse´s). La structure de cette machine est peu complexe, ce qui est un avantage
certain au niveau de la fabrication. Cependant cela se fait au de´triment du rendement
et de la puissance de sortie. Les pulsejets convertissent une e´nergie chimique fournie
pour une source d’hydroge`ne, en une force de pousse´e oscillante. Cette force peut eˆtre
utilise´e pour des applications de propulsion, ou convertie en e´nergie me´canique. Une
telle e´nergie peut ensuite servir de plate-forme a` un ge´ne´rateur pour la ge´ne´ration de
puissance e´lectrique.
Premie`rement, nous pre´sentons l’architecture et le fonctionnement des pulsejets
sans valve. Les techniques de microfabrication que nous avons de´veloppe´s au Georgia
Institute of Technology sont ensuite de´crites, et les mesures expe´rimentales sont re-
porte´es. Le dispositif est ensuite couple´ a` un ge´ne´rateur a` aimants permanents dans
le but de mesurer une puissance e´lectrique.
5.2 Revue des pulsejets
Les premiers pulsejets sans e´le´ment mobile ont e´te´ construits au de´but du 20e`me
sie`cle [55]. Ils ont d’ailleurs e´te´ utilise´s durant la seconde guerre mondiale par l’Alle-
magne. Les missiles (V-1) e´tait charge´s d’explosifs. Cependant, les pulsejets sont tre`s
bruyants et relativement inefficaces. Aux e´chelles macro, les chercheurs se sont donc
rapidement tourne´s vers le de´veloppement de machines plus complexes. Cependant,
la simplicite´ de l’architecture est un e´le´ment cle´ a` l’e´chelle des microsyste`mes.
A` l’universite´ de North Carolina State, des pulsejets de petites dimensions ont
e´te´ conc¸us [56–59]. L’application envisage´e est lie´e a` un syste`me de propulsion, bien
diffe´rent de notre ge´ne´rateur de puissance. Bien que les chercheurs n’aient utilise´ que
des techniques conventionnelles de fabrication, l’architecture utilise´e et les simulations
effectue´es ont servi d’indications pour le de´veloppement des pulsejets microfabrique´s.
5.2.1 Architecture du pulsejet & cycle de combustion
L’architecture d’un pulsejet est relativement simple, comme montre´ en Figure 5-
1 [60]. Une telle machine comprend une chambre de combustion, des entre´es d’air
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Figure 5-1 – Architecture de concept d’un pulsejet [60].
et de gaz, ainsi qu’un “long” tube d’e´chappement re´sonant. De plus, une bougie
d’allumage est inte´gre´e pour amorcer le cycle de combustion. A` l’e´chelle des MEMS,
la fre´quence de re´sonance de ces moteurs a` combustion est de l’ordre du kHz. Par
conse´quent, le syste`me n’a pas de valve me´canique. Ceci limite les performances du
pulsejet. Cependant, le fonctionnement a` hautes fre´quences est pre´fe´rable du point
de vue de la conversion d’e´nergie. En conside´rant que le pulsejet est couple´ avec un
ge´ne´rateur e´lectrique, la tension induite est directement proportionnelle a` la fre´quence
de fonctionnement du syste`me (loi de Faraday). Plus la fre´quence est e´leve´e, plus la
puissance e´lectrique est importante.
Le cycle de fonctionnement d’un pulsejet sans valve est de´crit en Figure 5-2. Les
cinq actions sont de´taille´es ci-dessous.
1. Le cycle commence avec la phase d’allumage qui correspond a` l’ouverture de
l’arrive´e de gaz, et d’une de´charge e´lectrique accompagne´e d’un souffle d’air.
2. La de´charge allume le me´lange d’air et de gaz dans la chambre de combustion,
causant l’expansion des gaz chauds.
3. L’explosion provoque une rapide augmentation de la pression a` l’inte´rieur de
la chambre de combustion. En conse´quence, les produits de la combustion sont
pousse´s vers l’exte´rieur par l’entre´e d’air et l’e´chappement.
4. Apre`s un court instant, la pression dans la chambre diminue jusqu’a` l’apparition
d’un vide partiel, ce qui cre´e une de´pression. L’environnement exte´rieur est a`
pression atmosphe´rique. Par conse´quent, un flot d’air est induit dans le pulsejet.
L’entre´e d’air e´tant plus courte, l’air entre plus rapidement et se me´lange avec
le gaz dans la chambre de combustion. Simultane´ment, des gaz chauds restent
dans le long tube d’e´chappement. Le flot d’air pousse ces gaz a` retourner dans
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Figure 5-2 – Cycle de fonctionnement d’un pulsejet sans valve.
la chambre de combustion.
5. Ceux-ci rallument automatiquement le me´lange air-gaz qui s’est accumule´ dans
la chambre de combustion pendant la pe´riode durant laquelle la pression est
sub-atmosphe´rique.
Par conse´quent, le dispositif n’a pas besoin d’une seconde de´charge e´lectrique et
le cycle de fonctionnement (2-5) continue tant que l’arrive´e de gaz est ouverte. Le
re´sultat est une moteur a` combustion re´sonant capable de produire une force de
pousse´e oscillante sans e´le´ment mobile.
5.2.2 The´orie & re´duction d’e´chelle
Le comportement d’un pulsejet peut eˆtre explique´ par les lois d’acoustique [60].
L’expansion du gaz apre`s l’explosion est de´crite comme une onde de compression.
Cette onde avance au travers de l’entre´e d’air et du tube d’e´chappement. A` cause
des cycles de combustion pre´ce´dents, le pulsejet fonctionne a` haute tempe´rature,
conduisant l’onde a` eˆtre transmise plus rapidement que la vitesse du son. Lorsque
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Figure 5-3 – Fre´quence de re´sonance d’un puslejet en fonction de sa longueur.
l’onde arrive a` la fin du tube, elle est re´fle´chie vers la chambre de combustion, et est
responsable du de´marrage du prochain cycle de combustion. Le pulsejet peut donc
eˆtre conside´re´ comme un cylindre ferme´ d’un coˆte´ et ouvert de l’autre. Le cycle est
donc de´crit comme une oscillation d’un quart de longueur d’onde. Par conse´quent, la
fre´quence de re´sonance fres est donne´e par :
fres =
a∗
4.L
(5.1)
ou` L est la longueur du pulsejet et a∗ est la vitesse du son dans le me´dium conside´re´
[60]. Un pulsejet de 3 m de long a fonctionne´ a` 50 Hz [60]. En utilisant cette donne´e
expe´rimentale, l’augmentation de la fre´quence de re´sonance est calcule´e en fonction de
la miniaturisation d’un tel syste`me, comme montre´ en Figure 5-3. Ces calculs peuvent
servir comme une indication des performances d’un pulsejet microfabrique´.
5.3 Microfabrication de pulsejets sans valve
Puisque la chambre de combustion est relativement large (0,8 cm3), et que celle-ci
doit supporter de hautes tempe´ratures, nous avons de´cide´ de fabriquer les pulsejets
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Figure 5-4 – Technique de fabrication : (a) les feuilles de ce´ramique sont micro-
usine´es avec un laser, (b) aligne´es, colle´es et fritte´es.
en ce´ramique. De fines feuilles de ce´ramique sont micro-usine´es avec un laser a` infra-
rouge, puis colle´es et fritte´es [61, 62].
La technique de fabrication est pre´sente´e en Figure 5-4. Le mode`le 3-D du pulsejet
est de´coupe´ en plusieurs couches. Chaque couche est micro-usine´e se´pare´ment sur
une feuille en ce´ramique avec un laser. Une fois aligne´es, les feuilles de ce´ramique
sont colle´es avec une presse a` chaud et fritte´es dans un four de recuit. Le proce´de´
de frittage est montre´ en Figure 5-5. Il comprend plusieurs sections avec plusieurs
rampes de tempe´ratures dans le but de se´cher et de durcir le mate´riau. Le temps
de frittage est relativement long dans le but d’e´viter, notamment, la formation de
fissures .
5.3.1 Premie`re version du pulsejet microfabrique´
La premie`re version du pulsejet est pre´sente´e en Figure 5-6. Les techniques de
microfabrication permettent d’inte´grer les diffe´rents orifices ne´cessaires au fonction-
nement du pulsejet. La chambre de combustion a un volume interne d’environ 0,8 cm3.
L’entre´e d’air mesure 2,9 mm de diame`tre et 3,5 mm de longueur. Le banc de tests,
montre´ en Figure 5-6(c), comprend une arrive´e de gaz, et un tube d’e´chappement de
3,2 mm de diame`tre. La chambre de combustion e´tait fabrique´e se´pare´ment, dans le
but de tester plusieurs configurations d’arrive´e d’air sans avoir a` fabriquer le syste`me
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Figure 5-5 – Proce´de´ de frittage de plusieurs couches de ce´ramique micro-usine´es
avec un laser.
complet. Les deux e´le´ments e´taient temporairement colle´s avec un adhe´sif re´sistant a`
hautes tempe´ratures. Deux fils e´lectriques sont aussi inse´re´s et sont utilise´s pour cre´er
la de´charge e´lectrique ne´cessaire au de´marrage du premier cycle de combustion.
5.3.2 Pulsejet avec micro-canaux inte´gre´s
Une seconde version a e´te´ conc¸ue, et be´ne´ficie pleinement des possibilite´s offertes
par les technologies de microfabrication. En effet, l’arrive´e de gaz est inte´gre´e au
pulsejet graˆce a` la fabrication de micro-canaux. Montre´ en Figure 5-7(a), l’arrive´e
de gaz est multi-directionnelle. Les quatre orifices sont dirige´s vers le centre de la
chambre de combustion. Chaque ouverture mesure 500 µm de large et 800 µm de
hauteur. La chambre de combustion, photographie´e en Figure 5-7(b) est comparable
a` celle pre´sente´e pre´ce´demment.
5.3.3 Mesures expe´rimentales
Les caracte´ristiques expe´rimentales du pulsejet microfabrique´ sont mesure´es en
utilisant une source d’hydroge`ne. Ce combustible est avantageux car facile a` enflam-
mer en comparaison a` d’autres gaz [63].
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Figure 5-6 – Premie`re version du pulsejet microfabrique´ : (a) vue de coˆte´, (b) vue
de dessus, et (c) banc de tests.
Figure 5-7 – Pulsejet avec micro-canaux inte´gre´s : (a) arrive´e de gaz multi-
directionnelle, et (b) chambre de combustion.
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Figure 5-8 – Oscillation de pression dans la chambre de combustion : (a) premie`re
version du pulsejet, et (b) pulsejet avec les micro-canaux inte´gre´s. Le flux d’hydroge`ne
est de 2,5 L/min.
5.3.3.1 Oscillation de pression
Les premie`res mesures avaient pour but de confirmer l’aspect oscillant du pulsejet,
et d’estimer la fre´quence de re´sonance. Pour se faire, un capteur de pression e´tait
inte´gre´ pour mesurer la pression a` l’inte´rieur de la chambre de combustion en fonction
du temps. Une ouverture d’un mm de diame`tre e´tait cre´e´e dans la paroi de la chambre
de combustion durant la fabrication, permettant l’insertion du capteur.
Les re´sultats acquis avec les deux versions du pulsejet sont montre´s en Figure 5-8.
Le flux d’hydroge`ne e´tait de 2,5 L/min. Le pulsejet de premie`re ge´ne´ration a de´montre´
une diffe´rence de pression de 9 kPa et une fre´quence de re´sonance de 1,38 kHz (voir
Figure 5-8(a)). Comme nous l’avons de´taille´ en Section 5.2.1, la pression devient sub-
atmosphe´rique durant le cycle de fonctionnement. Les performances du pulsejet avec
les micro-canaux inte´gre´s n’e´taient pas aussi stables. Cela e´tait attribue´ a` un me´lange
ine´gal d’air et d’hydroge`ne en fonction du temps.
5.3.3.2 Mesures en fonction du flux de gaz
Nous avons ensuite mesure´ la diffe´rence de pression a` l’inte´rieur de la chambre
de combustion et la fre´quence de re´sonance, en fonction du flux d’hydroge`ne. Les
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Figure 5-9 – (a) Diffe´rence de pression a` l’inte´rieur de la chambre de combustion,
et (b) fre´quence de re´sonance, en fonction du flux d’hydroge`ne.
re´sultats sont pre´sente´s en Figure 5-9. La premie`re version du pulsejet en ce´ramique
fonctionne dans une gamme de 1 a` 4 L/min. Une diffe´rence de pression de 10 kPa, et
une fre´quence de re´sonance de 1,6 kHz ont e´te´ atteintes pour un flux d’hydroge`ne de
4 L/min. Le pulsejet avec les micro-canaux inte´gre´s a fonctionne´ dans une gamme de
1 a` 3 L/min.
5.4 Conversion d’e´nergie chimique en
e´nergie e´lectrique
Pour de´montrer la conversion d’e´nergie chimique en e´nergie e´lectrique avec un
pulsejet microfabrique´, nous avons couple´ le dispositif avec un ge´ne´rateur e´lectro-
magne´tique de type transducteur acoustique. Le ge´ne´rateur, sche´matise´ en Figure 5-
10, comprend une bobine mobile supporte´e par une membrane et un stator utilisant
des aimants permanents et un mate´riau en fer doux. Lorsqu’une force exte´rieure est
induite sur la membrane, la bobine mobile passe entre les poˆles magne´tiques. Par
conse´quent, la bobine voit un champ magne´tique variable, ce qui ge´ne`re une tension
sinuso¨ıdale dans les conducteurs.
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Figure 5-10 – Sche´ma du ge´ne´rateur e´lectrique type transducteur acoustique.
La membrane du ge´ne´rateur e´tait entraine´e par la pousse´e oscillante de gaz du pul-
sejet, et la tension e´tait mesure´e aux bornes d’une re´sistance de 8 Ω, comme montre´
en Figure 5-11. Pour cette expe´rience, le pulsejet avec les micro-canaux inte´gre´s a e´te´
utilise´. Une tension d’environ 40 mVpk−pk a e´te´ mesure´e a` une fre´quence de 1,5 kHz.
Ceci correspond a` une puissance de 25 µWrms. Bien que cette expe´rience ne soit pas
optimise´e, elle de´montre le potentiel de ce syste`me pour la ge´ne´ration de puissance a`
partir d’une machine a` combustion microfabrique´e. Il est fort possible qu’une archi-
tecture de transmission d’e´nergie plus robuste, produirait des puissances e´lectriques
bien supe´rieures.
5.5 Conclusions
Dans ce chapitre, nous avons pre´sente´ la conception et les mesures expe´rimentales
d’un pulsejet en ce´ramique fabrique´ par des technologies de microfabrication. Bien
que les dimensions de ce syste`me ne soient gue`re plus petites que les syste`mes fa-
brique´s par des me´thodes standards [57, 64], les techniques de microfabrication sont
compatibles avec une possible miniaturisation. Elles permettent aussi d’inte´grer des
micro-canaux, et d’avoir plus de liberte´ en ce qui concerne l’architecture du syste`me.
De plus, l’utilisation d’un mate´riau en ce´ramique plutoˆt qu’en me´tal est pre´fe´rable
d’un point de vue thermique.
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Figure 5-11 – Ge´ne´ration de puissance e´lectrique : La tension de sortie est mesure´e
aux bornes d’une re´sistance en fonction du temps. Un ge´ne´rateur e´lectrique type
transducteur acoustique est place´ en contact fluidique avec le flux de gaz oscillant du
coˆte´ du tube d’e´chappement (Flux d’hydroge`ne = 3 L/min).
Lorsqu’il est alimente´ par une source d’hydroge`ne, le pulsejet re´sonne a` une
fre´quence de 1,6 kHz, et ge´ne`re une diffe´rence de pression de 10 kPa a` l’inte´rieur
de la chambre de combustion. En couplant le syste`me avec un ge´ne´rateur e´lectrique,
nous avons de´montre´ la transformation d’e´nergie chimique en e´nergie e´lectrique par
un microsyste`me. De possibles ame´liorations incluent l’utilisation d’autres gaz tels
que le propane ou le butane. D’autres moyens pour re´cupe´rer l’e´nergie de ce dispositif
peuvent aussi eˆtre inte´gre´s.
CHAPITRE 6
CONCLUSIONS
6.1 Re´sume´ de recherche
Dans le Chap. 1, nous avons introduit l’ide´e que les batteries actuelles ne vont
bientoˆt plus eˆtre adapte´es aux syste`mes e´lectroniques (trop lourdes et larges, peu
d’autonomie . . .). Par conse´quent, il y a un re´el besoin de de´velopper une nouvelle
ge´ne´ration de sources de puissance exce´dant les performances des technologies des
piles. Les microsyste`mes, et plus particulie`rement, les microge´ne´rateurs a` aimants
permanents couple´s avec une microturbine a` gaz froid, ou une micromachine a` com-
bustion, repre´sentent une solution tre`s attractive. Dans ce chapitre, une revue des
articles publie´s dans ce domaine est pre´sente´e. Les nouvelles contributions que nous
allons apporter sont de´taille´es, et pre´ce`dent le plan de la the`se.
Le Chap. 2 nous permet de de´velopper la the´orie re´gissant les microge´ne´rateurs
a` aimants permanents. L’architecture de ces microsyste`mes est de´taille´e. Ces dis-
positifs comprennent un bobinage statorique microfabrique´, et un rotor a` aimants
permanents de 10 mm de diame`tre. Un mode`le e´lectrique et un mode`le magne´tique
sont de´veloppe´s dans le but de pre´dire les performances du ge´ne´rateur. Pour les me-
sures expe´rimentales, une turbine commerciale est utilise´e pour faire tourner le rotor
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a` haute vitesse. Nous avons de´montre´ une puissance e´lectrique de sortie supe´rieure
a` 10 W. Ceci repre´sente une augmentation de performance de 900% en comparaison
de la premie`re version de dispositifs fabrique´s par D. P. Arnold et S. Das [5, 29].
Nous avons donc confirme´ qu’il est possible de ge´ne´rer des puissances e´leve´es avec des
microsyste`mes (i.e., tre`s grande densite´ de puissance).
Dans le Chap. 3, nous avons de´taille´ la miniaturisation de ces microge´ne´rateurs
pour des applications de faible puissance. Gain de masse et volume sont deux des
avantages de la miniaturisation. Les lois de la re´duction d’e´chelle sont e´tudie´es. En
conse´quence, des microge´ne´rateurs de 2 mm de diame`tre sont conc¸us. Plusieurs ar-
chitectures sont fabrique´es dans le but d’e´valuer leurs influences sur les performances
des dispositifs. Les aimants permanents sont de´coupe´s par usinage laser. Une analyse
expe´rimentale des proprie´te´s magne´tiques des e´chantillons a confirme´ que cette tech-
nique est compatible avec des aimants de petites dimensions. Les microge´ne´rateurs
d’un volume de 3,4 mm3 ont ge´ne´re´ jusqu’a` 6,6 mW de puissance e´lectrique de sortie.
L’inte´gration de ces microsyste`mes dans un assemblage pratique et robuste est une
e´tape importante. C’est pourquoi, nous avons couple´ ces microge´ne´rateurs avec une
microturbine a` air comprime´. Le syste`me rotatif et son assemblage fluidique ont e´te´
fabrique´s en polyme`re. La microturbine est supporte´e par des roulements a` billes mi-
niatures. A` une vitesse de rotation de 70.000 tpm, le syste`me de´montra une densite´ de
puissance de 0,7 mW/cm3, et un ratio poids-puissance de 0,5 mW/g. L’architecture de
ce dispositif se singularise par sa simplicite´, au de´triment de meilleures performances.
Dans le Chap. 4, nous avons e´tudie´ deux e´tapes majeures dans le but de conce-
voir une micromachine a` gaz chaud. Premie`rement, nous avons pre´sente´ un mi-
croge´ne´rateur en silicium supporte´ par des paliers a` air. Des me´thodes innovantes
ont e´te´ imple´mente´es pour permettre la fabrication de ce microsyste`me. Les compo-
sants (rotor en silicium, nouvelle architecture du stator . . .) ont e´te´ teste´s se´pare´ment
avant inte´gration. Une fois le syste`me assemble´, une vitesse de rotation de 40.000 tpm
a e´te´ atteinte. A` cette vitesse, une puissance de 19 mW a e´te´ mesure´e aux bornes
d’une re´sistance de charge.
Deuxie`mement, les microge´ne´rateurs pre´sente´s dans le Chap. 2 ont e´te´ teste´s dans
6.2. Remarques 107
un environnement a` haute tempe´rature. Ces mesures sont primordiales. En effet,
les petites dimensions d’une micromachine a` gaz chaud impliquent des tempe´ratures
e´leve´es dans l’environnement du microge´ne´rateur inte´gre´. Les caracteristiques des
micro-conducteurs en cuivre et des aimants permanents ont e´te´ mesure´es pour des
tempe´ratures allant jusqu’a` 375◦C. Le microge´ne´rateur a e´te´ teste´ a` 100◦C pour des
rotors en SmCo et NdFeB. Les mesures expe´rimentales ont e´te´ confirme´es par un
mode`le de de´pendance en tempe´rature des mate´riaux. Malgre´ la diminution de puis-
sance, nous avons de´montre´ que les microge´ne´rateurs a` aimants permanents sont
capables de ge´ne´rer plusieurs watts a` des tempe´ratures e´leve´es.
Ce travail sur les microge´ne´rateurs a` aimants permanents a de´montre´ que ces
microsyste`mes sont potentiellement inte´grables avec une micromachine a` gaz chaud.
Dans le Chap. 5, nous avons pre´sente´ la fabrication d’une telle micromachine sous la
forme d’un pulsejet. Les microturbines inte´gre´es avec une machine a` combustion n’ont
pas e´te´ e´tudie´es a` cause de leur complexite´. Le pulsejet est une machine a` combustion
re´sonante sans e´le´ments mobiles, ce qui re´duit la fatigue des mate´riaux. Les dispositifs
ont e´te´ fabrique´s en ce´ramique, et usine´s par une technique laser. Les expe´riences ont
e´te´ re´alise´es en utilisant une source d’hydroge`ne. A` l’e´chelle des microsyste`mes, ce type
de dispositif re´sonne a` hautes fre´quences, et produit une force de pousse´e oscillante.
En inte´grant un ge´ne´rateur a` aimants permanents avec le dispositif, une puissance
de 25 µWrms a e´te´ mesure´e. Cette expe´rience a permis de de´montrer la conversion
d’e´nergie chimique en e´nergie e´lectrique.
La Table 6.1 re´sume les performances des dispositifs fabrique´s durant cette the`se.
Les syste`mes avec plus de fonctionnalite´s internes de´montrent des densite´s de puis-
sance plus faible. Ceci est principalement attribue´ a` leurs plus grandes dimensions et
a` la difficulte´ d’obtenir des vitesses de rotation e´leve´es.
6.2 Remarques
Nous pouvons tirer plusieurs conclusions du travail pre´sente´ dans cette the`se.
Ge´ne´ralement, l’architecture de microsyste`mes e´lectro-magne´tiques est tre`s diffe´rente
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Dispositf chapitre
Fonctions Ge´ne´rateur Syste`me Densite´ de
inte´gre´es (cm3) (cm3) puissance (mW/cm3)
10-mm
faible 0,27 - 40.000
generators 2
Ultraminiaturized
faible 0,0034 - 1.950
generators 3
Silicon-based
faible 0,065 - 9.500
generators 4
Microfluidic-electric
moyenne 0,0034 1,1 0,7
packages 3
Gas-bearing
moyenne 0,065 0,37 51
turbine generators 4
MEMS-based
moyenne - 0,8* -
pulsejets 5
MEMS-based
haute - 0,8* 0,03
pulsejet generators 5
Table 6.1 – Revue de performance des dispositifs fabrique´s.*Volume de la chambre
de combustion.
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des meˆmes syste`mes a` plus grande e´chelle. Aux dimensions utilise´es pour les MEMS,
les microge´ne´rateurs a` aimants permanents sont bien plus performants et avantageux
que les microge´ne´rateurs a` induction magne´tique.
Cependant, meˆme ce type de ge´ne´rateurs a ses propres caracte´ristiques. Ainsi, les
microge´ne´rateurs a` aimants permanents sont conc¸us avec de petits nombres de poˆles
magne´tiques et de tours de bobinage planaire. Ceci n’est pas valide pour les syste`mes
macro. A` l’e´chelle des microsyste`mes, le nombre de tours de conducteurs est limite´
par les dimensions du microsyste`me et par les contraintes de microfabrication. Le
nombre de poˆles magne´tiques est petit dans le but de re´duire le nombre de zones de
transitions non-magne´tiques entre deux aimants adjacents. A` cette e´chelle, ces zones
repre´sentent un pourcentage non-ne´gligeable de la surface totale du rotor, ce qui a
pour conse´quence de diminuer les performances de la machine.
La se´lection des micro-aimants est d’ailleurs diffe´rente a` l’e´chelle des MEMS. En
effet, il est ne´cessaire de conside´rer toutes les proprie´te´s des aimants (i.e., re´manence,
coercitivite´, tempe´rature maximum, tempe´rature de Curie, technique de fabrication. . .).
Nous avons de´montre´ expe´rimentalement et par le calcul, que, a` de tre`s petites di-
mensions, les micro-aimants en SmCo sont plus performants que les micro-aimants en
NdFeB a` tempe´rature ambiante. La de´gradation des performances des micro-aimants
en NdFeB est attribue´e a` la technique de fabrication (i.e., de´coupe laser). A` grande
e´chelle, les aimants en NdFeB sont bien plus performants que les aimants en SmCo a`
tempe´rature ambiante.
Les microturbines doivent supporter des vitesses bien plus e´leve´es que les turbines
conventionnelles. A` ces vitesses, les rotors se de´forment et sont tre`s sensibles a` l’ali-
gnement. Les syste`mes de roulement sont eux aussi soumis a` de fortes contraintes. De
plus, la fabrication d’une micromachine a` gaz chaud est un re´el de´fi technologique, car
il est difficile de reproduire a` l’e´chelle des MEMS, l’architecture 3-D d’une machine a`
combustion.
Par conse´quent, il est ne´cessaire de simplifier l’architecture des micromachines a`
gaz chaud. C’est pourquoi, les pulsejets sont tre`s inte´ressants. Ces dispositifs re´sonnent
a` hautes fre´quences et n’ont pas d’e´le´ments mobiles. Cependant, la grande simplicite´
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d’architecture affecte le rendement du pulsejet. Ainsi, un compromis entre simplicite´
et rendement doit eˆtre pris en conside´ration a` l’e´chelle des microsyste`mes.
6.3 Suggestions pour le futur
Le travail de cette the`se pre´sente plusieurs approches dans le but de ge´ne´rer
de la puissance e´lectrique a` partir d’une source de gaz chaud. De fac¸on ge´ne´rale,
l’inte´gration des diffe´rents composants doit encore eˆtre e´tudie´e. Avant de coupler une
machine a` combustion avec le microge´ne´rateur en silicium supporte´ par des paliers
a` air, celui-ci doit de´montrer qu’il peut fonctionner a` plus hautes vitesses et pen-
dant une longue dure´e. Par conse´quent, le de´veloppement d’une seconde version plus
robuste doit eˆtre envisage´. Le pulsejet a de´montre´ la conversion d’une e´nergie chi-
mique en e´nergie e´lectrique. Cependant, le rendement de cette machine est faible. Le
de´veloppement de mode`les the´oriques pourrait s’ave´rer utile dans le but d’optimiser
le fonctionnement de ce dispositif. De plus, l’ajout de microsyste`mes pour capturer
les diffe´rentes formes d’e´nergie (son, chaleur, force de pousse´e. . .) peut eˆtre envisage´.
Pour conclure, nous avons montre´ que les microsyste`mes de puissance sont une
approche a` ne pas ne´gliger dans le futur. Avec des choix d’architecture judicieux, il
est possible que ce type de dispositif surpasse les performances des batteries actuelles,
et soit compatible avec de nombreux syste`mes e´lectroniques.
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Abstract
The constant miniaturization of modern portable electronic systems has driven the
development of new generations of ultra-compact power sources that could ultimately
surpass the performance of conventional batteries. As a result, small-scale, chemical-
to-mechanical-to-electrical converters, such as MEMS-based heat-engine-driven de-
vices, are very attractive in small power generation systems, which can deliver elec-
trical output power ranging from a milliwatt to tens of watts. Also called “micro-
engines”, they consist of a centimeter-scale gas-fueled engine for converting chemical
fuel energy into mechanical power, and an electrical generator for converting mechan-
ical power into electrical power.
The focus of this research is to develop integrated electromagnetic microsystems
that are capable of generating electrical power, and that can be driven by either
cold (i.e., pressurized), or hot (e.g., combustion products) gases. This thesis features
powerMEMS devices with increasing integrated functionalities and complexity.
First, the development of axial-flux, rotary, permanent-magnet microgenerators is
investigated for watt-level applications and compatibility with heat engines. Following
the trend of device size reduction, further miniaturization of such generators is also
presented.
Next, small-scale turbine-based packages are coupled with these microgenerators.
Polymer-based microfluidic packages with integrated turbines supported by ball bear-
ings are engineered for air-driven micropower sources. In addition, a fully-integrated,
silicon-based, gas-bearing turbogenerator is developed as the potential mechanical-
to-electrical converter of microscale heat engines.
Finally, a fuel-driven high-temperature power generator is presented. It consists
of a MEMS-fabricated, self-resonant, air-breathing engine and its electrical generator.
The device, which has no moving parts, is powered by a source of hydrogen fuel, and
eventually demonstrates chemical-to-mechanical-to-electrical power conversion.
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CHAPTER 1
INTRODUCTION
The constant miniaturization of modern portable electronic systems has driven the
development of new generations of ultra-compact power sources that could ultimately
surpass the performance of conventional batteries. Over the past two decades, there
has been a growing interest in applying Micro-Electro-Mechanical Systems (MEMS)
fabrication techniques to the realization of chemical-to-electrical converters that can
extract energy from a source of high-energy-density hydrocarbon fuels, and convert
it into electrical power. Typical portable consumer electronics suffer from short op-
eration cycles between charges, and frequent battery replacements. In addition, the
battery weight represents a large percentage of the overall weight of the electron-
ics. These issues are further exacerbated with MEMS-based devices that depend on
battery systems, because their energy source occupies significant ratios of both mass
and volume of the entire device. Hydrocarbon fuels have an extremely high specific
energy (typically ∼45 MJ/kg [1]). Consequently, hydrocarbon-powered heat-engine-
driven power microgenerators operating as low as 5% of efficiency would still be able
to compete with conventional power sources such as Alkaline batteries (∼0.5 MJ/kg).
In addition, the time required to recharge standard batteries is much longer than the
time necessary to fill a tank of liquid fuel.
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As a result, small-scale, chemical-to-mechanical-to-electrical converters, such as
MEMS-based heat-engine-driven devices are very attractive in small power generation
systems, which can deliver electrical output power ranging from a milliwatt to tens
of watts. Primarily, milli-watt-range power sources have their applications in the
field of microelectronics, and small electronics. Sensors, transmitters, receivers, and
MEMS devices are some of the potential components that could ultimately benefit
from integrated MEMS-based batteries. Watt-level-range power devices also have
multiple applications, such as computers, laptops, robots, phones or portable power
plants for military applications.
Also called “microengines”, MEMS-based heat-engine power generators consist
of a centimeter-scale gas-fueled engine for converting chemical fuel energy into me-
chanical power, coupled with an electrical microgenerator for converting mechanical
power into electrical power [2–4]. Typically, the gas-turbine engine includes a com-
pressor, a combustion chamber, and a turbine driven by the combustion exhaust that
powers the compressor. The resulting mechanical energy is then transformed into
electrical power via the potential use of various mechanical-to-electrical transducers,
such as electric and magnetic induction machines, piezoelectrically-actuated systems,
or permanent-magnet (PM) generators. Figure 1-1 shows a conceptual diagram of
a silicon-based, heat-engine-driven power generator as envisioned by Massachusetts
Institute of Technology (MIT) [5]. Such a device is fabricated by stacking multiple
bonded silicon wafers with integrated fluidics, and contains a released free-spinning
rotor powered by hydrocarbon fuels. An electrical generator is implemented to con-
vert the mechanical energy into power. The rotor is supported by gas bearings to
allow high rotational speeds (beyond 1 Mrpm), and low mechanical losses (i.e. fric-
tion, wear. . .). The generator is placed on the cold side of the gas turbine (i.e. the
compressor side) to reduce temperature-related degradation of the materials, and
maximize the mechanical-to-electrical energy conversion.
Finally, the engineering of small-scale, heat-engine-driven power devices using
MEMS fabrication technologies is ultimately driven by other potential advantages
such as low cost, and mass production.
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Figure 1-1: Conceptual diagram of a permanent-magnet generator embedded in a
multi-wafer silicon microengine [5].
To summarize, three components must be investigated in order to generate elec-
trical power. Using a source of fuel, a small-scale combustion engine will transform
the chemical energy into a source of mechanical thrust. Next, the mechanical energy
will be converted into motion using a gas-driven actuator. Finally, this kinetic energy
will be transformed into electrical power via a mechanical-to-electrical converter.
To date, the full integration and operation of these microsystems remain elusive.
This is primarily due to the challenges associated with the scaling of these devices.
The design of large-scale engines can not be simply scaled down because it is difficult
to reproduce the three-dimensional complexity of heat engines at smaller scales using
microfabrication technologies. Furthermore, thermal gradients in microsystems cause
severe materials constraints, and good-quality seals are difficult to maintain. Conse-
quently, the design rules of microengines might be different than that of large-scale
gas-turbine generators. Trade-offs between complexity and performance might be
necessary. Therefore, it is anticipated that microengines will exhibit lower efficiencies
than that of macroscale engines.
However, critical components of these microengines, such as the microcombustors,
high-speed bearings, and electrical microgenerators have been independently studied.
Considering that the research in powerMEMS devices is very recent, these components
have exhibited very promising results. A variety of devices with increasing complexity
have been succesfully demonstrated, and are introduced in the next section. Although
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this review focuses on rotary devices, it should be noted that resonant heat engines
could also be considered with vibration-based transducers as a potential candidate
for high-temperature power generators.
1.1 A State-of-the-Art Review
This section reviews the state-of-the-art technologies commonly developed towards
MEMS-based heat-engine-driven generators. It should be noted that technologies for
both low- and high-temperature devices are presented. Because the energy density
available from fuels is superior to the energy density of compressed air, air-driven,
fully-integrated generators are not expected to produce as high power densities as
high-temperature fuel-driven devices. However, they still present a strong interest in
applications where high-pressure sources are available. In addition, the complexity
of such microsystems is reduced, making them a good platform for developing the
technologies compatible with high-temperature devices.
1.1.1 Microfabricated Gas-Turbine Engines
The development of gas-driven microturbines has been increasingly growing over the
past ten years. Relevant progress has been made in the fields of microfabrication
technologies, micro-scale bearing designs, materials research, modeling and experi-
mental validations. In this section, we present three projects aiming at developing
different types of heat-engine-driven microgenerators. The MIT Gas Turbine Labora-
tory is developing a MEMS-based gas-turbine power generator based on the Brayton
cycle, which is designed to produce multi-watt levels of output power [2, 3]. This
project, mentioned previously (see Figure 1-1), is generally considered as the pioneer-
ing research in the field of MEMS-scale gas-turbine power generators [6]. Although
a fully-integrated system has not been demonstrated yet, several components have
successfully been operated. Fre´chette et al. demonstrated the fabrication of a gas-
bearing-supported silicon turbine having a diameter of 4.2 mm. The device was
formed from a fusion-bonded stack of five silicon wafers individually patterned on
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Figure 1-2: SEM micrograph of a 4.2-mm-diameter silicon turbine (Fre´chette et al.)
[7].
both sides using deep reactive ion etching. It consisted of a single stage radial inflow
turbine on a 4.2-mm-diameter rotor that was supported on externally pressurized
hydrostatic journal and thrust bearings. The silicon turbine is shown in Figure 1-2.
The device exhibited rotational speeds beyond 1 Mrpm [7]. Although the gas bearings
were potentially compatible with a combustion engine, the rotating subsystem was
powered by compressed air. As part of the same program, Mehra et al. achieved the
operation of a six-wafer combustion system [8]. The combustion of hydrogen and air
was demonstrated inside a 0.195 cm3 chamber.
Another research project at the University of California, Berkeley is focused on
the microfabrication of a combustion rotary engine, known as a Wankel engine [9,10].
The small-scale rotary internal combustion engine fueled by liquid hydrocarbons is
intended to generate power on the order of milli-watts. The Wankel-type engine is
well suited for MEMS fabrication due to its planar geometry, high specific power,
and self-valving operation with a minimal number of moving parts. Figure 1-3 shows
a conceptual rendering of the Wankel engine, and a SEM micrograph of a rotor
fabricated by silicon deep reactive ion etching.
At the University of Sherbrooke, Lee et al. are developing core technologies for
miniature heat engines, such as microfabricated turbines, gas-lubricated microbear-
ings, and micro heat-exchangers [11,12]. The ultimate goal is to combine these devices
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Figure 1-3: Micro Rankine engine: (a) Conceptual schematic, and (b) SEM micro-
graph of a silicon rotor (Fu et al.) [9, 10].
Figure 1-4: Conceptual diagram of a micro Rankine engine, and SEM micrograph of
a microfabricated silicon rotor (Lee et al.) [11, 12].
into a micro Rankine vapor power cycle system, which relies on the work created by
the conversion of water into its vapor phase. A cross-sectional schematic of the envi-
sioned micro Rankine engine is shown in Figure 1-4(a). In 2005, they demonstrated
the operation of a 4-mm-diameter rotor supported by gas bearings at rotational speeds
of up to 300,000 rpm. Figure 1-4(b) shows a SEM micrograph of the microfabricated
rotor. The advantage of this steam engine design over the designs reported previ-
ously, is that it should operate at lower temperatures, creating a more compatible
environment for coupled devices such as an electrical generator.
Several other projects have been studied, as listed in Table 1.1. They are however
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Ref. Envisioned Fabrication
Performance
(year) thermodynamic Approach
Berkeley [9] Wankel
Si etching -
2001 engine
MIT [7] Brayton
Si etching 1.4 Mrpm
2005 cycle
Tohoku [13]
- Ti EDM 0.8 Mrpm
2005
Tohoku [14]
- Si etching 0.05 Mrpm
2005
Sherbrooke U. [12] Rankine
Si etching 0.3 Mrpm
2005 cycle
Table 1.1: Review of gas-turbine microengines. None of these devices were coupled
with a combustor.
not detailed here because of their similarities with the ones presented above [13, 14].
1.1.2 MEMS-Based Air-Driven Turbines
Gas-bearing technology is a good design choice, when the system operates in relatively
high-temperature environments and at high speeds. However, even these designs face
materials constraints as well as exacting demands on tolerances. Consequently, there
is an obvious interest in investigating other bearing technologies, as well as other ma-
terials for microsystems powered by low-temperature pressurized gases. This section
presents several examples of rotary microsystems with reduced bearing complexity.
The MEMS Sensors and Actuators Laboratory at the University of Maryland
has been studying micromachines supported by microball bearings [15–17]. The tur-
bine design was similar to the other silicon-based devices introduced in Section 1.1.1,
but the bearing mechanisms differed. This was the first demonstration of a rotary
micromachine with a robust mechanical support provided by microball-bearing tech-
nology. A six-phase bottom-drive variable-capacitance micromotor having a diameter
of 14 mm was designed to drive the rotor. The stator and the rotor were fabricated
separately on silicon substrates, and assembled with the microballs. To support the
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Figure 1-5: Three-dimensional rendering of microball-bearing-supported micromotor
(Ghalichechian et al.) [17].
rotor and provide axial and radial stiffness, grooves were etched in the silicon wafers
where the microballs were inserted, as shown in Figure 1-5. Silicon carbide films were
deposited on the rotor to reduce friction; without these films, the operation was not
possible. The device achieved rotational speeds of up to 517 rpm. A similar device
was utilized to determine the performance and stability of the microball bearing tech-
nology at high speeds. As a result, higher speeds (above 15,000 rpm) were achieved
when the silicon turbine was powered by compressed air [16]. Dynamic friction was
also modeled, and reliable operation of an air-driven, radial in-flow silicon micro-
turbine was demonstrated for nearly 1,000,000 revolutions at a rotational speed of
10,000 rpm [18].
At Imperial College, Holmes et al. developed a rotating system that was noticeably
different from others, as it involved an axial-flow turbine. Such systems do not require
high flow-rates as compared to radial-flow turbines, making them an apporpriate
choice for flow sensing applications. The guide vane and rotor blades were fabricated
by grayscale laser micromachining of SU-8 epoxy [19]. Figure 1-6 shows the turbine
schematics, and a SEM micrograph of the laser micromachined SU-8 rotor. This
device was combined with a PM microgenerator, which will be introduced in the next
section. The turbine measured 13 mm in diameter, and demonstrated speeds of up
to 30,000 rpm.
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Figure 1-6: Axial-flow microturbine fabricated by grayscale laser micromachining: (a)
SEM image of the SU-8 rotor, and (b) turbine schematics (Holmes et al.) [19].
1.1.3 MEMS-Scale Rotary Electrical Generators
MEMS-based mechanical-to-electrical transducers have been intensively studied over
the past decade. Mechanical energy can be extracted from various energy sources such
as vibrations, motions, or pressurized gas [20]. As a result, there are many unique
MEMS generators. Within the class of rotary microgenerators, several designs have
been investigated. Appropriate mechanical input for microfabricated rotary genera-
tors can be provided via high pressure gas sources, or micro-gas engines. Researchers
first focused their attention on electrostatic induction machines as potential candi-
dates for microengine integration [21, 22]. Electrostatic microgenerators presented
several advantages, such as reduced fabrication complexity (planar geometry), and
the use of standard IC fabrication materials. Moreover, these materials were compat-
ible with high-temperature operation. Such devices were fabricated using a stack of
etched and bonded silicon wafers. They demonstrated 0.2 mW of output power under
driven excitation. While this represented a major milestone, the device performance
was limited by its intrinsic nature. Indeed, the electromagnetic interactions resulting
from induction laws do not favor scale reduction [23]. Consequently, such devices as
well as machines based on magnetic induction [24,25] would have difficulties for high
power densities without very aggressive designs such as micron-size air gap and very
high rotational speeds.
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Figure 1-7: Cross-sectional rendering of a turbogenerator based on an axial-flow tur-
bine and an axial-flux PM generator developed by Holmes et al. [27].
On the other hand, the magnetic flux density available from a permanent magnet
is in principle not dependent on its size [23]. Therefore, microgenerators using perma-
nent magnets as a constant source of magnetic flux were becoming more attractive.
The advances in MEMS fabrication technology enabled the incorporation of new mag-
netic materials (soft and hard magnetics), as well as multi-layer micro-coils. Several
research groups have consequently dedicated their attention towards rotational, PM
microgenerators. The development of such microsystems is very recent, and progress
has been made to achieve more compact, high power density generators using MEMS
technologies.
Holmes et al. fabricated 7.5-mm-diameter, axial-flux PM generators, which con-
sisted of electroplated copper coils, and a ball-bearing-supported SU-8 rotor presented
earlier. The rotor, which contained NdFeB magnets, was sandwiched between two
electrical stators, and packaged using silicon wafers, as schematized in Figure 1-7. At
a rotational speed of 30,000 rpm, an open-circuit voltage of 0.42 Vrms was measured,
corresponding to a predicted output power of 1.1 mW across a resistive load [26,27].
In spite of utilizing complex fabrication techniques, the full integration of this device
was very promising.
In 2006, Raisigel et al. developed 8-mm-diameter, microfabricated planar gener-
ators [28, 29]. They consisted of a three-phase electroplated copper coil on a silicon
substrate, and a thirty-pole PM disc rotor. At a rotor speed of 380,000 rpm, the
machines exhibited a maximum open-circuit voltage of 4.18 Vrms, and a measured
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Figure 1-8: (a)Photograph, and (b) schematics of a magnetically stabilized integrated
microgenerator presented by Raisigel et al. [29].
output power of 5 W across a Y-connected resistance bridge. Although the fabrication
of 3-mm-diameter stators was mentioned, no experimental data have been reported
yet. In addition, an integrated microgenerator supported by pneumatic bearings with
magnetic self-stabilization demonstrated 14.6 mW of output power at 58,000 rpm. A
photograph and a schematic of this device are shown in Figure 1-8. 50-µm-high rotor
blades were directly etched by electro-discharge machining (EDM) on the back of
the SmCo disc. Higher speeds were limited by the insufficient torque provided by
the simple turbine design. In 2007, a CMOS rectifier architecture for three-phase
microgenerators was presented [30]. Specific low powering issues such as low-voltage
rectification, self-powering, automatic start-up and anti-parasitic protection were ad-
dressed.
Pan et al. reported 5-mm-diameter, rotary, electromagnetic PM generators fabri-
cated using a unique fabrication approach for the stator that consisted of automat-
ically winding a filament copper wire onto a substrate, as shown in Figure 1-9(a).
Discrete NdFeB pieces were used as the PM rotor material. At a rotational speed of
2,200 rpm, a voltage of 0.079 Vrms was measured in open circuit, which corresponded
to a maximum power output of 0.41 mW [31, 32]. As an alternative technology to
conventional microfabrication techniques, they recently published the fabrication of
stator coils using low-temperature co-fired ceramic (LTCC) materials [33]. These 9-
mm-diameter microgenerators consisted of multi-layer planar LTCC silver micro-coils
(see Figure 1-9(b)), and eight-pole NdFeB magnetic rotors. An electrically-driven
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Figure 1-9: Alternative coil fabrication approaches reported by Pan et al.:
(a)Filament winding approach [32], and (b) multi-layer LTCC silver micro-coils [33].
spindle was used to spin the magnetic rotors. At a rotational speed of 13,325 rpm,
and an air gap of 1 µm, one device induced 205.7 mV across a resistive load, which
corresponded to an output power of 1.89 mW. Note the very small air gap between
the rotor and the stator used in these experiments.
Finally, Arnold, Das et al. jointly developed three-phase, eight-pole, microgen-
erators. In contrast to other machines, the stator copper coils were microfabricated
onto a NiFeMo ferromagnetic substrate to increase the magnetic flux in the stator-
rotor air gap, and thus the output power [34, 35]. As noted therein, the use of
an electrically conductive bulk substrate generates important eddy current losses in
the stator core. The rotor consisted of a magnetically patterned eight-pole SmCo
ring [36], and a FeCoV back iron annulus inserted into a rotor cup. A dentist drill
powered by compressed air was used to spin the rotor at high rotational speeds. A
typical test setup, as well as a close-up on one stator windings are shown in Fig-
ure 1-10. Furthermore, stress-related failures of high-speed rotors were modeled and
experimentally validated [37]. A single-phase open-circuit voltage of 0.9 Vrms was
measured at 225,000 rpm, which corresponded to 3.3 W of dc power, if the machine
was connected via power electronics to a matched resistive load.
For direct comparisons, the main characteristics of these PM microgenerators are
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Figure 1-10: (a) Photograph of the first generation of PM microgenerators, presented
by Arnold et al.. (b) Close-up view of two-turn, eight-pole microfabricated stator
windings [5, 38].
summarized in Table 1.2 and Table 1.3. Table 1.2 details the devices tested using
an experimental setup, while Table 1.3 references the systems with an integrated
turbine. For the last-mentioned devices, the focus is directed toward the technologies
employed for the integration of these devices, as opposed to the device performance
shown in Table 1.2.
1.1.4 Conclusions on Review of Previous Work
This review indicates that there are great opportunities for complimentary and new
contributions in the field of PowerMEMS. The main objective of fabricating self-
sustaining, high-power-density gas-turbine power sources still requires much indepen-
dent investigation, as there are no such operating devices reported in the literature.
Research on PM microgenerators has proven the potential of these devices, and obvi-
ous advantages over other types of generators. However, they also present their own
constraints and disadvantages, which need to be studied and addressed. The demon-
stration of 10-Watt microfabricated devices has yet to be done due to unoptimized
systems, or limited rotational speeds. While these devices are intended for integration
with microengines, none of them has demonstrated performance at high temperatures,
nor integration with high-speed gas bearings, a key component in heat-engine-driven
turbine generators.
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Reference
Rotor Stator Performance
year
Imperial C. [27] Discrete pieces Planar 60 µW - 7 krpm
2005 of NdFeB micro-coil 120 µm air gap
Ga Tech [35] SmCo and Micro-coil on 1.3 W - 120 krpm
2005 FeCoV rings NiFeMo wafer 100 µm air gap
LEG [28]
SmCo disc
Planar 5 W - 380 krpm
2006 micro-coil 100 µm air gap
NSYSU [32] NdFeB Filament 0.4 mW - 2.2 krpm
2007 discrete pieces windings 1 mm air gap
NSYSU [33]
NdFeB ring
LTCC multi-layer 1.8 mW - 13 krpm
2008 Ag microcoil 1 µm air gap
Table 1.2: Review of PM microgenerators.
Reference Turbine
Characteristics
HT
year technology compatible
Imperial C. [27] Laser etched SU-8 Two stators
No
2005 Ball bearings Axial-flow turbine
Ga Tech [39]
Off-the-shelf
Watt-level power
No
2005 55 cm3
LEG [28] EDM blades No package
No
2006 Air cushion Magnetic stabilization
Table 1.3: Summary of integrated PM microgenerators.
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Another topic that has not been explored yet, is the ultimate scaling limit on
of these microgenerators for milli-watt-level applications. Although some devices
only generated low output power, they were not fundamentally smaller than others.
Consequently, by optimizing the design and fabrication of microgenerators, a large
size reduction could be possible. Applications would benefit from the downscaling of
microgenerators where weight and space are major constraints.
The implementation of electrical generators with independent turbines has proven
to be difficult as well. The potential of using alternative microfabrication technologies
with reduced complexity could be investigated. Indeed, air-driven turbine generators
are attractive where high-pressure sources of cold gases or fluids are available. Finally,
the full integration of chemical-to-electrical converters has yet to be proven. The
fabrication and design challenges associated with the subcomponents suggest that
other alternatives should be investigated. As a result, there are many areas that
require new approaches, not only from a fabrication standpoint, but also from a more
general concept perspective.
1.2 Thesis Goals & Objectives
Consequently, the objective of this thesis is to further develop and enhance integrated
electromagnetic microsystems that are capable of generating electrical power, and that
can be driven by either cold (i.e pressurized), or hot (e.g., combustion products) gases.
The common ground of this thesis is to engineer devices that generate electrical power.
Hence, a logical progression of this research work is to continuously expand the level of
system integration of our devices, as well as the number of integrated functionalities,
as shown in Figure 1-11. Much like any multi-level system, each of them features
its own functions, and its own specifications. Furthermore, there is a strong inter-
dependence between each of the components. This is further exacerbated by the
complex nature of microsytems, and the constraints that each level of integration
induces on each other. From a level 1 of integration, where an external source of
mechanical energy is provided, to the highest level where the energy source is fuel,
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Figure 1-11: Progression of system-level integrations.
numerous challenges must be addressed. As the level of integration increases, so
does the number of internal functionalities performed by the device,and therefore the
complexity. Consequently, trade-offs between performance and simplicity of design
will have to be considered.
• The first goal is to investigate good candidates that are suitable for power
generation, and that can convert mechanical energy into electrical power. In
addition, such devices must be compatible with the subsequent levels of in-
tegration. Axial-flux, rotary PM microgenerators are very attractive, because
the magnets provide a constant source of energy density independent of its di-
mension. However, the net power generated by such devices is size-dependent.
Therefore, a family of PM microgenerators with various sizes, and that can de-
liver electrical power ranging from milliwatts to tens of watts, are investigated
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in order to broaden the field of applications. Limits of further miniaturization
are also considered.
• Once we have developed a way to convert mechanical energy into electrical
power, the second level of integration which relies on how to provide the mechan-
ical energy to the microgenerators, should be considered. As a result, another
objective is to find means to transform a source of stored energy into mechan-
ical energy. Microturbines associated with fluidic packages are envisioned as
a potential approach. The goals are to study a wide variety of materials that
are compatible with both pressurized- and combustion-gas-driven power gen-
erators, depending on the specific applications. While polymer-based packages
are suitable for air-driven power sources, silicon-based machines are intended to
be used in high-temperature fuel-driven engines. Consequently, one of the goals
is to provide several packaging approaches that have their own advantages and
specifications, and that can be utilized when it is most appropriate.
• The highest level of integration with more integrated functionalities, is to use a
source of hot gases in order to generate electrical energy. More specifically, the
energy provided by a source of hydrogen will be transformed into mechanical
energy by combustion. The mechanical-to-electrical converter will then convert
this energy into electrical power.
1.3 Thesis Outline
Chapter 2 first presents the physics laws that govern the operation of magnetic ma-
chines. The design of PM microgenerators is detailed, and a reluctance model is
developed to predict the performance of these devices. Following the thesis work
done by D. P. Arnold [5], and S. Das [38], an optimized microgenerator that delivers
higher power densities at higher rotational speeds is presented. Fabrication and de-
sign concepts of surface-wound copper coils and multi-pole PM rotors are introduced.
Electrical experiments of the generators are then conducted using a conventional tur-
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bine, which decouples the testing of the mechanical-to-electrical converter from the
issues associated with the design of high-speed bearings.
Furthermore, there is a class of electronic systems that only requires milli-watt-
range power sources to operate. Examples include but are not restricted to MEMS-
based devices that need integrated batteries, sensors, or transmitters. Consequently,
there is a definite interest in miniaturizing these generators for milli-watt-level power
generation. Chapter 3 presents an investigation of the ultra miniaturization of such
axial-flux, rotary, PM generators suitable for low power applications. Scaling laws
with regards to the magnetic interactions and the generator performance are detailed.
Furthermore, practical limitations and their influences on design choices are consid-
ered. As we will detail in the chapter, various magnetic materials and 2-mm-diameter
microgenerators with differing number of magnetic poles and winding turns are fab-
ricated. The laser micromachining of PM microstructures is presented, and magnetic
characterization validates the cutting technique. Electrical measurements using a
conventional turbine to spin the PM rotors confirm milliwatt-level power generation.
In addition, it is demonstrated that unconventional design rules should be applied
at such small scales. In a constant effort to integrate such devices, polymer-based
microfluidic packages with integrated turbines have been fabricated for pressurized-
gas-driven micropower sources. The device constraints are first presented, and dictate
the selection of some components. Next, the assembly of the fully-integrated system
and experimental measurements are detailed. The performance of these miniaturized
generators is compared to larger microgenerators reported in Section 1.1.3 and Chap-
ter 2. The objective of this comparison is to validate the scaling laws presented in
the first section of this chapter.
Chapter 4 covers the development of two critical steps in achieving heat-engine-
driven, rotary microgenerators. First, a silicon-based, gas-bearing-supported PM
generator is investigated. This device is potentially compatible with the microengine
design presented in Chapter 1. Our attention is primarily focused on the fabrication
of gas-bearing-compatible windings and magnetics, whereas the silicon microturbine
supported by hydrostatic gas bearings is engineered by a team at the Massachusetts
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Institute of Technology (MIT). The integration constraints are detailed, and lead to
innovative design and fabrication approaches. The components of the gas-bearing-
compatible electrical generator are experimentally characterized using a conventional
turbine. Furthermore, the gas bearings and the PM generator are integrated, and
successful operation is achieved. Secondly, the performances of the microgenerators
fabricated in Chapter 2 are measured in a high-temperature environment. Due to
the compactness of fully-integrated microengines, the PM generators must sustain
high temperatures. The temperature-related degradation of the magnetics and the
windings are assessed, and a phenomenological model is introduced to predict the
temperature-dependent output power of the generator. Direct measurements at tem-
peratures up to 100◦C are performed, and demonstrate that with an appropriate
choice of materials, PM microgenerators are suitable for heat-engine-driven devices.
Pursuing this quest towards fuel-powered electrical generators, an alternative ap-
proach to microengines is introduced in Chapter 5. This was motivated by the diffi-
culties in achieving a fuel-powered, silicon-based rotary device ready for integration
with an electrical generator. At such small scales, trade-offs between reduced com-
plexity and efficiency may be desirable. Consequently, we investigated the miniatur-
ization of valveless pulsejets using MEMS technologies. The device is a self-resonant,
air-breathing engine, and is characterized by its simplicity of design and operation.
Indeed, the heat engine has no moving parts, and do not require micron-size toler-
ances. In operation, this device converts chemical energy from fuel into an oscillating
thrust, which may be used for propulsion or converted into vibrational mechanical
energy suitable for electrical power generation. In Chapter 5, we will first review some
of the work related to macro-scale valveless pulsejets, as well as some basic principles
that dictated design choices. Next, the fabrication of these MEMS-based engines is
presented. Basic characteristics such as the operating frequency, and the pressure dif-
ferential inside the combustion chamber are measured. Based on the design guidance
provided by the high-temperature characterization of PM microgenerators presented
in Chapter 4, the heat engine is then coupled with a mechanical-to-electrical con-
verter, and demonstrates chemical-to-electrical energy conversion.
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Finally, a summary of this dissertation is given in Chapter 6. A performance
review of the fabricated devices is detailed. Concluding remarks and future outlook
are also presented.
CHAPTER 2
MACROSCALE POWER FROM
MICROSCALE PM GENERATORS
2.1 Introduction & Motivation
In this chapter, we introduce the design, fabrication, and characterization of 10-mm-
diameter PM microgenerators powered by compressed air. These devices were an
optimization of the first version of PM microgenerators reported by D. P. Arnold,
S. Das et al. [5, 34, 35, 38, 40]. The first-generation devices demonstrated 1.1 W of
DC output power at a rotational speed of 120,000 rpm across a resistive load, as
introduced in Section 1.1.3.
The objective of this optimization was to demonstrate higher rotational speeds,
and eventually 10 W of output power. This work solely focused on mechanical-
to-electrical power conversion. As a result, an off-the-shelf turbine was used for
characterization to decouple the generator testing from fabrication and integration
issues associated with microfabricated turbines.
First, the physics laws governing the operation of magnetic machines are intro-
duced along with a brief overview of these devices. PM microgenerators are presented,
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including rotor and stator designs. Next, the technologies utilized for the fabrication
of micro-coils and the selective magnetization of PM rings are detailed. A reluctance
analysis of the PM machine is developed in order to estimate the performance of
the microsystems. Finally, the devices are experimentally characterized in order to
determine the generated output power. Models detail the source of losses inside the
machines, and overall efficiency of the systems.
It should be noted that the geometry of the stator windings, as well as the power
electronics reported in this chapter were designed by both D. P. Arnold from Ga Tech,
and S. Das from MIT. These devices will serve as a baseline for further developments
of the microgenerators that will be presented in the following chapters.
2.2 Design Overview
2.2.1 Physics Laws
The operation of magnetic machines is governed by Faraday’s law (Eq. (2.1)), accord-
ing to which an electric field is produced in space when the magnetic field is varying
with time. The line integral is taken along the closed contour around the surface
through which the magnetic flux density passes. In practice, a spinning rotor with
alternating magnetic poles generates a time-varying magnetic field, which induces ac
voltages in the stator windings that are positioned underneath the rotor. When the
winding terminals are connected to an external load, the device generates electrical
power.
∮
c
~E · dl = −
∫∫
S
δ ~B
δt
.dS (2.1)
The scalar form of Faraday’s law is given by:
e = −N · δΦ
δt
(2.2)
where e is the output voltage, N is the number of turns of the stator coil, and Φ
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is the magnetic flux passing through the stator coil surface, which is expressed as:
Φ =
∫∫
S
B.dS (2.3)
The output voltage e is proportional to several design parameters such as the
number of magnetic poles p, the number of stator turns N, and the rotational speed
ω, as detailed in Eq. (2.4) [41]. The magnetic flux within a magnetic generator can
be maximized by using highly permeable ferromagnetic back irons and small air gaps.
e ∝ p ·N · ω · Φ (2.4)
2.2.2 Magnetic Machines
Magnetic-based machines for power generation can be classified in two categories.
The two types of generators are governed by Faraday’s law, but in order to create a
time-varying magnetic field, one class relies on electromagnets, while the other class
of generators relies on the use of permanent magnets.
Magnetic induction generators consist of a stator with multi-phase windings, and
a rotor wound with electrically-closed coils. When the stator is appropriately ener-
gized, it creates a traveling magnetic-wave in the rotor-stator air gap varying at a
synchronous speed. This induces currents in the rotor windings, thus, establishing
magnetic poles in the rotor. In a generator mode, mechanical energy is provided to
the rotor. To produce torque and electrical power, the rotor must spin above the
synchronous speed in order to create a phase lag between the time-varying magnetic
wave and itself.
PM generators are composed of a stator with winding coils, and a rotor with
multi-pole permanent magnets. The magnets provide a constant source of flux, and
induce ac voltages in the stator windings when the rotor is spinning.
At large scales, magnetic induction generators offer several benefits over their
permanent-magnet counterparts.
1. Cost of materials: Induction generators use electromagnets, which are primarily
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made of copper windings, optionally in proximity to flux-guiding ferromagnetic
materials such as steel. This is a substantially cheaper material set than rare
earth permanent magnets.
2. Cost of processing : Magnetized permanent magnets can be difficult to han-
dle, thus increasing the cost of labor. In addition, they require containment
structures to be retained on the rotor.
3. Performance: The performance of PM generators is limited by the maximum
energy product of the material. Higher output power requires either higher
rotational speeds, or larger volumes of magnetic material. On the contrary,
the performance of magnetic induction generators can be increased by using a
larger number of winding turns, which is cost and time-effective. Consequently,
the coil current can be increased without further design changes.
For these reasons, magnetic induction machines are widely used in industrial ap-
plications. However, such advantages do not remain entirely valid at smaller scales.
First, the cost of materials is no longer an issue, because the quantities of mag-
netic materials required to fabricate PM generators are small. Secondly, the size
constraints associated with MEMS-scale devices restrict the number of turns, and
the surface area of microfabricated winding coils. Consequently, the current flow-
ing through high-resistance conductors is limited, which reduces the amplitude of the
time-varying magnetic flux in the rotor-stator air gap of induction machines. At small
scales, the source of magnetic flux available from permanent magnets may be larger
than that of electromagnets, which will be further exacerbated as the dimensions
decrease.
As a result of these considerations, PM microgenerators were selected as the po-
tential mechanical-to-electrical converters for microengines. In radial-flux PM ma-
chines, the magnetic poles are magnetized in the plane direction of the PM material.
This implies that the stator conductors have to be located around the rotor in or-
der to capture the magnetic flux. A standard design geometry consists of a three-
dimensional cylinder-type device. Unlike this configuration, axial-flux PM generators
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Figure 2-1: Three-dimensional rendering of PM microgenerators.
exhibit planar geometries. The permanent magnets are magnetized in the direction
of the thickness of the material, and the coils are located underneath the rotor [42].
At small scales, planar geometries are usually favored due to the limitations of
MEMS fabrication technologies. Consequently, the focus of our work is devoted to
axial-flux PM microgenerators.
2.2.3 Design of PM Microgenerators
The PM microgenerators were multi-phase, multi-pole, axial-flux, synchronous ma-
chines, as shown in Figure 2-1. They consisted of multi-turn surface-wound stator
coils microfabricated onto a magnetic substrate, and a rotor with an annular PM and
a soft magnetic back iron ring.
Microscale generators do not follow the same design rules as their macroscale
counterparts. In a typical macroscale machine with a given volume and constant
rotational speed, the modifications of the number of poles p, and turns per pole N
do not vary the output power, and efficiency delivered by the machine. If either
one is increased, the voltage increases linearly while the winding resistance increases
quadratically (winding length increases linearly, and cross-sectional area decreases
linearly). In a microscale generator with surface-wound copper coils, the values of
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p and N will affect the machine performance. If the values are too low, the voltage
generated by the machine may not be sufficient to be compatible with standard ac/dc
converters. If the values are too high, the winding design requires finer features, which
may severly increase the resistance, or exceed the fabrication limitations. Finally,
as the number of poles increases, the magnetic flux leakage between adjacent poles
becomes significant, resulting in a lower magnetic interaction between the rotor and
the stator.
As a result, a parametric analysis was performed to find the optimum values of p
and N along with the corresponding optimal winding pattern geometries for achieving
the maximum output power at a given speed. While including several microfabrica-
tion constraints such as the maximum photoresist thickness, and a reasonable aspect
ratio, both p and N were varied. The radial dimensions of the PM rotor were fixed,
as were all axial parameters (e.g. air gap, thicknesses. . .). A four-step procedure was
utilized.
1. For each combination of p and N, the radial extensions of the inner and outer
end-turns were varied to find the winding pattern that yielded the lowest elec-
trical resistance. Using geometrical relations, the resistances of the windings
were calculated.
2. For each value of p, a 3-D, nonlinear, finite-element model (FEM) was used to
solve for the static magnetic B-fields in the machine.
3. Using the dimensions of the optimized winding and the results from the FEM,
the induced voltages were computed. This was accomplished using a MATLAB
script to numerically integrate the B-field to find the flux through an area
defined by the shape of the coil.
4. The root-mean-square (rms) value of the open-circuit voltage was then applied
to a matched-load circuit model using a series equivalent resistance of 100 mΩ
to account for losses in the power electronics.
More details of this analysis can be found in [43]. This optimization resulted in the
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Figure 2-2: Schematics of PM rotors: (a) 3-D and (b) cross-sectional renderings. The
PM ring is depicted with two colors to represent the alternating magnetic poles.
design of eight-pole, three-turn/pole, three-phase PM microgenerators.
2.2.4 Rotor Design & Choice of Magnetics
The rotor contained an eight-pole annular PM, and a soft magnetic ring as a rotor
back iron. Both were 500 µm thick, and had an outer diameter (OD) of 10 mm and
inner diameter (ID) of 5 mm. They were press-fit into a titanium housing, which was
fabricated with a high precision drilling machine. A 1.6-mm-diameter stainless-steel
shaft was inserted into the center of the housing for testing. Schematics of the rotor
design are shown in Figure 2-2. Figure 2-2(b) provides a cross-sectional view with
relative dimensions.
High-power-density PM microgenerators require high-performance magnetic ma-
terials for both the permanent magnets and the magnetic cores. At large scales, the
energy product of a PM material is often considered as the main characteristic to de-
sign PM generators. Because of design, fabrication, and operation constraints, more
details need to be considered at the micro-scale. Table 2.1 summarizes the useful
properties of PM materials.
The remanence Mr is defined as the remaining magnetization when there is no
external field, and is often assimilated to the remanent flux density Br. In a PM
microgenerator application, the permanent magnets are utilized as a constant source
of magnetic flux, which scales linearly with the voltage created in the windings. As
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a result, Mr should be as high as possible so that the generated voltage is high.
Furthermore, high magnetic flux within the machine potentially enables large air
gaps.
The coercivity Hc is a measure of the external field required to reduce the rema-
nence of the PM material to zero. Microfabrication constraints limit the number of
winding turns, forcing high currents in the planar micro-coils. This induces a parasitic
magnetic field. Consequently, a PM material with a low coercivity can potentially be
demagnetized by the operation of the PM generator.
Finally, the operating temperature of PM materials is a critical parameter in
microscale generators due to low thermal gradients, as well as the compactness of
such devices.
In macroscale machines, the low coercivity of Alnico is not an issue because gen-
erators can be designed to operate at low currents. This material is in fact usually
preferred over SmCo and NdFeB permanent magnets because of its lower cost. At
smaller scales, the cost of materials is less of a concern. In addition, the design
flexibility is restrained, implying high currents in the windings. Although the de-
magnetization of Alnico during the long-term operation of PM microgenerators has
not been confirmed experimentally, this PM material was not selected as a potential
candidate for this application because it did not present major advantages over SmCo
and NdFeB.
NdFeB material is typically sintered, and is presented as the most powerful com-
mercialized PM material available today. SmCo material also has high remanence
and coercivity, and is also sintered. NdFeB is mechanically stronger than SmCo mag-
nets, and less brittle. However, it is much more prone to oxidation than any other
magnets. Coatings such as nickel or parylene are commonly utilized to protect the
magnets. Even though SmCo has a lower room temperature remanence compared
to NdFeB , it possesses a much higher Curie temperature and maximum operating
temperature, which is something to consider when integrating PM microgenerators
with heat engines. For initial devices, the magnets were custom-made (Imetra Inc.),
in order to achieve high tolerances on the parts.
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PM Remanence Coercivity Operating temp. Curie temp.
material Br (kG) Hc (kOe) Top (
◦C) Tc (
◦C)
Alnico [44] 10 1.5 550 860
Sm2Co17 [45] 11.2 9.2 300 825
NdFeB [46] 14.1 10.5 50 310
Table 2.1: Typical properties of permanent magnets. Note that the referenced grade
presents the best magnetic characteristics for each magnet type.
In addition to the permanent magnets, high-performance magnetic back iron ma-
terials were utilized. By creating a continuous magnetic path, the magnetic flux
density in the air gap was greatly enhanced. The rotor back iron should exhibit high
saturation flux density to prevent saturation, and high relative permeability to min-
imize the reluctance. For this device, an 0.5-mm-thick FeCoV material (Hiperco 50,
Carpenter Technology Corp.) was selected, because it had a saturation flux density
of 2.4 T, and a relative permeability of 3000 [47].
2.2.5 Surface-Wound Micro-Coils
The stator used interleaved, three-phase, electroplated copper windings that were
dielectrically isolated from a 1-mm-thick NiFeMo (Moly Permalloy) substrate, by a
5-µm-thick polyimide layer. Ni80Fe15Mo5 was selected as the stator back iron (sub-
strate) material for its combination of high permeability (µr ∼ 10,000), low coercivity
(Hc ∼ 0.16 A/m) to minimize hysteresis losses, and commercial availability in sheets
of suitable thickness.
There were several design changes in this second-generation stator aimed at reduc-
ing the winding resistances by making a more effective use of the available winding
volume in the gap between the rotor magnet and stator substrate.
1. The fabrication process of the radial conductors was modified so that they
occupied the full thickness of the two metal layers, as depicted in Figure 2-
3(b). Consequently, the optimized radial conductors were twice as thick as the
previous generation described in [35], which reduced their resistances.
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Figure 2-3: Renderings of stator winding patterns for (a) Original, eight-pole, two-
turn/pole machine [35], and (b) Optimized, eight-pole, three-turn/pole machine. The
layers 1 and 2 of copper are depicted in orange and red, respectively.
2. The gap between the conductors were reduced from 130 µm to 50 µm, which
enabled the addition of one more copper turn, and a more efficient use of the
winding area.
3. The radial conductors were shortened by 500 µm relative to the rotor mag-
net radial span, allowing optimal flux linkage of the radial leakage flux, while
decreasing the overall coil length, thus the phase resistance.
4. The optimized design featured a very different arrangement of the end-turns,
which reduced the cross-overs and the number of vias.
Three-dimensional renderings of the two generations of stators are shown in Figure 2-
3. One phase of the optimized stator windings is depicted in Figure 2-4. Terms like
radial conductor, or end-turns are defined in this figure. The design specifications of
the optimized stator windings are presented in Table 2.2. The active area is defined as
the area that captures the magnetic flux (i.e. the area used by the radial conductors).
The winding area corresponds to the total surface occupied by the copper windings,
without the electrical pads.
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Figure 2-4: Rendering of a single phase of the optimized stator windings.
Radial conductors
Outer diameter 9.525 mm
Inner diameter 5.525 mm
Thickness 0.2 mm
Interconductor gap 0.05 mm
Inner end-turns
Inner diameter 3.525 mm
Conductor width 0.28 mm
Conductor gap 0.05 mm
Outer end-turns
Outer diameter 12.725 mm
Conductor width 0.45 mm
Conductor gap 0.1 mm
Active area 47 mm2
Winding area 202 mm2
Table 2.2: Design specifications of optimized stator windings.
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Figure 2-5: Equivalent circuit for a single phase of a PM machine consisting of an
open-circuit voltage Voc , a stator winding inductance Ls , and resistance Rs. Rl
accounts for the connection of an external load resistance.
2.2.6 Electrical Modeling
The equivalent circuit for a single phase of the PM microgenerator is shown in Fig-
ure 2-5. It consisted of a back emf source Voc, due to the multi-pole spinning PM
rotor, and a resistance Rs and an inductance Ls due to the stator windings. As it will
be confirmed later in the context of experimental measurements, the magnitude of
the reactance of the inductor is small compared to the resistance at the frequencies of
operation, thus the inductance of the conductor is negligible. It implies that purely
resistive external loads could be used for characterization at the point of maximum
power transfer.
When the PM machine is connected to a resistive load Rl, the single-phase elec-
trical output power is expressed as:
Pout =
V 2l
Rl
(2.5)
where Vl is the voltage measured across the resistive load. Furthermore, the electrical
power delivered by the source, Pe is:
Pe =
V 2oc
(Rs +Rl)
=
V 2oc
Rs · (k + 1)
(2.6)
assuming that Rl = k·Rs. Consequently, the single-phase output power (i.e., the
power dissipated in the load Rl), and the electrical efficiency, which is defined as the
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ratio between the output power and the power delivered by the source, are given by:
Pout = V
2
oc ×
Rl
(Rs +Rl)2
=
V 2oc
Rs
× k
(k + 1)2
(2.7)
ηe =
Pout
Pe
=
k
(k + 1)
(2.8)
Pout(k) is maximum when:
δP (k)
δk
= 0 (2.9)
which gives k=1, and:
Pout,max =
V 2oc
4 · Rs
(2.10)
As a result, the normalized output power is given by:
Pout
Pout,max
=
4 · k
(k + 1)2
(2.11)
The electrical efficiency, and normalized output power from Eq. (2.8), and Eq. (2.11)
are plotted in Figure 2-6. It represents the normalized machine performance as a
function of the external load resistance. There is a trade-off between output power
and electrical efficiency. As predicted by Thevenin’s theorem, the maximum power
transfer occurs for a 50% efficiency. Higher external load resistances improve effi-
ciency, but reduce output power, which may have to be considered depending on the
applications.
2.3 Reluctance Analysis
2.3.1 Magnetic Circuit Model
The output voltage delivered by the PM generators is estimated by analyzing the
flux linkage in the machine, and by employing Faraday’s law. A reluctance analysis
of the PM generator is developed in this section in order to express the flux in the
air gap Φg, as a function of the remanence of the magnets Br [48]. Using Eq. (2.12)
52 2. Macroscale Power From Microscale PM Generators
10−2 10−1 100 101 102
0
0.2
0.4
0.6
0.8
1
k = Rl / Rs
N
or
m
al
iz
ed
 v
al
ue
s 
(n.
u.)
η
e
P
out/Pout, max
Figure 2-6: Electrical efficiency, and normalized output power of PM generators as a
function of the external load resistance.
(Faraday’s law), the generated voltage e is then calculated.
e(t) = −N · δΦg
δt
(2.12)
Consider the cross-section of the generator shown in Figure 2-7. The rotor and
stator back iron areas are modeled as reluctances RRBI and RSBI , respectively. The
permanent magnets are modeled as a source of remanent flux Φr, and a corresponding
reluctance RPM . The directions of the sources of flux are dictated by the polarity of
the magnets.
The primary path of the magnetic flux from the permanent magnets to the stator
back iron is directed through the magnetic gap. The magnetic gap corresponds to
the addition of the physical air gap (i.e., distance between the bottom surface of
the magnets and the top surface of the windings) and the winding thickness. The
associated reluctance of the magnetic gap, as well as the flux flowing through it, are
denoted Rg and Φg,respectively. In addition, there is a percentage of the total flux
that directly flows between two adjacent magnets. This leakage flux Φl, flows through
a leakage reluctance Rl.
The equivalent magnetic circuit is shown in Figure 2-8(a). By assuming that
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Figure 2-7: Magnetic circuit model of axial-flux PM microgenerators.
the leakage flux is negligible for small magnetic gaps, the magnetic circuit can be
simplified as shown in Figure 2-8(b). Furthermore, the two permanent magnets are
connected in series. By successively applying Thevenin’s and Norton’s theorems, the
equivalent circuit corresponds to a single source of flux Φr and an equivalent resistance
2Rm, as represented in Figure 2-8(c).
2.3.2 Magnetic Circuit Solution
The magnetic flux in the magnetic gap Φg can be expressed as a function of the
remanent flux Φr using the magnetic circuit shown in Figure 2-8(c). The source of
magnetic flux is considered as a source of current. Consequently, Φr is given by:
Φr = ΦPM + Φg (2.13)
where ΦPM is the current flowing through 2RPM . Using the laws of electricity,
Φr =
Vg
2RPM
+
Vg
(2Rg +RRBI +RSBI)
(2.14)
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Figure 2-8: Simplification of the magnetic circuit model: (b) is obtained by neglecting
the leakage reluctance, and (c) results from successive applications of Thevenin’s and
Norton’s theorems.
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Φr =
2RPM + (2Rg +RRBI +RSBI)
2RPM · (2Rg +RRBI +RSBI)
× Vg (2.15)
In addition,
Vg = Φg × (2Rg +RRBI +RSBI) (2.16)
By replacing Vg into Eq. (2.15),
Φr =
2RPM + (2Rg +RRBI +RSBI)
2RPM
× Φg (2.17)
As a result, the flux in the air gap is expressed as a function of the flux from the
PM source using:
Φg =
1
1 +
Rg
RPM
+ RRBI+RSBI
2RPM
× Φr (2.18)
General expressions for the reluctances of the magnetic materials and the magnetic
gap are given by:
Rg =
lg
µo · Ag
(2.19)
RPM =
lPM
µr(PM) · µo · APM
(2.20)
RRBI =
lRBI
µr(RBI) · µo · ARBI
(2.21)
RSBI =
lSBI
µr(SBI) · µo · ASBI
(2.22)
Assuming that lRBI = lSBI = lBI , and ARBI = ASBI = ABI , Eq. (2.18) can be
written as:
Φg =
1
1 + µr(PM) · lg·APMAg·lPM +
µr(PM)
2·(µr(SBI)+µr(RBI))
· lBI ·APM
ABI ·lPM
× Φr (2.23)
The material properties required to solve Eq. (2.23) are summarized in Table 2.3.
The length of the magnetic gap lg, which corresponds to the distance between the
permanent magnets and the stator back iron, is the addition of the physical air gap
and the winding thickness.
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PM (SmCo) Stator BI (SBI) Rotor BI (RBI) Magnetic gap
µr 1.1 10,000 3,000 1
Length l (mm) 0.5 - - [0.3-1.2]
Table 2.3: Relevant material properties of the PM generator.
Assume that APM = Ag (i.e, fringing field is neglected). In addition, the relative
permeabilities of the back iron materials are much higher than that of the permanent
magnets. Consequently, Eq. (2.23) can be further simplified as:
Φg =
1
1 + µr(PM) · lglPM
× Φr (2.24)
2.3.3 Electrical Circuit Solution
For p-pole magnetic machines, there are p/2 period cycles for one revolution of the
rotor spinning above a single conductor. Assuming that Φ(t) can be described as a
sinusoidal function, and using Eq. (2.12), the peak induced voltage corresponds to:
epeak = N × Φg ×
p/2
60
· ωrpm (2.25)
where N is the number of winding turns, and ωrpm is the rotational speed expressed
in number of revolutions per minute. By replacing Φg from Eq. (2.24) into Eq. (2.25),
epeak becomes:
epeak = N ×
1
1 + µr(PM) · lglPM
· Φr ×
p/2
60
· ωrpm (2.26)
Furthemore, the winding design is such that APM = Awindings (see Figure 2-4), mean-
ing that the windings fully capture the flux from the magnets. In addition, the p
magnets and their corresponding coil patterns are connected in series. Consequently,
the flux from the magnets is calculated over the area of the PM ring,
Φr = Br × APM = Br × pi · (r2o − r2i ) (2.27)
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Figure 2-9: Calculated open-circuit voltage delivered by a 3-turn, 8-pole, SmCo mi-
crogenerator using the reluctance analysis: (a) as a function of speed at a 100 µm air
gap, and (b) as a function of the air gap for various rotational speeds.
where ro (5 mm), and ri (2.5 mm) are the outer and inner radii of the PM ring,
respectively. As a result, the rms value of the induced open-circuit voltage is given
by:
erms =
N√
2
× 1
1 + µr(PM) · lglPM
· Br × pi · (r2o − r2i )×
p/2
60
· ωrpm (2.28)
For an air gap of 100 µm, and a winding thickness of 200 µm (i.e., lg = 300 µm),
the calculated open-circuit voltage delivered by a three-turn, eight-pole, SmCo mi-
crogenerator is plotted in Figure 2-9(a) as a function of the rotational speed. In
addition, the air-gap dependence is calculated for several speeds, as depicted in Fig-
ure 2-9(b). The validity of the various assumptions will be discussed later in the
context of experimental measurements.
2.4 Fabrication Technologies: A Hybrid Approach
In order to demonstrate the feasibility of achieving high-energy-density microgener-
ators, a hybrid fabrication approach was utilized. MEMS technologies were used to
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create the stator windings, but the PM rotor was fabricated using more conventional
techniques such as precision machining. As we will present in Chapter 4, a MEMS-like
fabrication of PM rotors will be investigated to integrate them with a silicon-based
microgenerator, but this issue was not adressed in this chapter.
2.4.1 Microfabricated Windings
The surface-wound copper windings were constructed using a three-layer copper elec-
troplating process combined with SU-8 epoxy micromolding. The fabrication process
started by polishing a 1-mm-thick wafer of NiFeMo. A dielectric layer of 5 µm of
polyimide (PI2611, HD Microsystems) was spun onto the substrate and baked at
300◦C for 2 hours. This step ensured that the subsequent coils would be electrically
isolated from the conductive substrate. A Ti/Cu/Ti seed layer was sputter deposited,
and a negative photoresist (NR9-8000P, Futurrex, Inc.) was used to pattern the first-
layer electroplating mold (Figure 2-10(a)). Copper was then electrodeposited at a
current density of approximately 10 mA/cm2. Once the electroplating process was
completed, the photoresist was removed using acetone, and O2 plasma Reactive Ion
Etching (RIE) (Figure 2-10(b)). The titanium and copper thin layers were etched
away by diluted hrofluoric acid, and a solution of saturated copper sulfate with am-
monium hydroxide, respectively. The chemical compositions are listed in Table 2.4.
Next, a layer of SU-8 2025 (Microchem, Inc.), was spin coated and patterned to open
vias between top and bottom copper layers (Figure 2-10(c)). This layer also acted
as an insulation layer between the two layers of copper end-turns. This step was
particularly challenging, because the SU-8 epoxy was spun onto a wafer with severe
topographies due to the thick metal microstructures previously electroplated. A sec-
ond Ti/Cu/Ti seed layer was sputter deposited, and the third electroplating mold
was patterned using another layer of NR9-8000P (Figure 2-10(d)). Similarly to layer
1, copper was then electrodeposited to form the top layer, and the photoresist and
the seed layer were subsequently removed (Figure 2-10(e)). The first copper layer
was 80 µm thick, as there were no major difficulties in fabricating a thick photore-
sist mold on a flat substrate. The insulation layer was approximately 40 µm thick.
2.4. Fabrication Technologies: A Hybrid Approach 59
Figure 2-10: Windings fabrication process flow. The first copper layer is 80 µm thick,
and the minimum interconductor gap is 40 µm. The SU-8 layer is 120 µm thick (i.e.,
40 µm above the first copper layer). The second layer of electroplated copper is also
80 µm thick.
We noticed that thinner layers resulted in electrical shorts, due to small pin-holes in
the photoresist created by the relatively rough surface of the electroplated copper.
Finally, the top layer was limited to a thickness of 60 µm because of the via-layer
topographies. Figure 2-11 depicts the microfabricated surface-wound copper coils.
2.4.2 Selective Magnetization of Permanent Magnets
As mentioned previously, the rotor contained a PM material with multiple alternat-
ing magnetic poles. Although discrete pieces of magnetic material would have been
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Figure 2-11: Photographs of the microfabricated surface-wound copper coils. (a) Full
view, and (b) close-up view of the pad-to-winding area.
Wet process description Chemical composition
Copper plating [49]
Copper sulfate (CuSO45H2O) - 250 g/L
Sulfuric acid (H2SO4) - 25 mL/L
Titanium etching HF:H2O - 1:50
Copper etching NH4OH saturated with CuSO4
Table 2.4: Chemical composition of the wet processes used for the fabrication of the
windings.
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easier to magnetize, and arrange with respect to the magnetic pole pattern, PM rings
were preferred from a mechanical standpoint. In addition, it was simpler to find
commercially-available ring magnets rather than discrete pieces with a specific arc-
shape corresponding to the number of poles of the magnetic machines. Therefore, a
selective magnetization process was developed to magnetically pattern PM rings, in
order to obtain eight alternating magnetic poles.
First, the ring was fully magnetized through its thickness using a pulse-discharge
magnetizer (Oersted Technology, Model 340B), as depicted in Figure 2-12(a). A pulse-
discharge magnetizer is an equipment that consists of a bank of large capacitors, and
a coil fixture. When the capacitors are discharged through the coil, a large magnetic
field is created inside the coil for a very short period of time. Consequently, the
magnet is placed in the center of the coil. If the applied field is high enough, it
saturates the PM material in the direction of magnetization of the external field.
The magnetizer can be operated for large ranges of capacitance (1.25 - 80 mF) and
voltage (0-800 V). At full power, the magnetizer is capable of producing an energy
of 25,600 J. The coil fixture is a solenoid-type magnetizing fixture. Its useful volume
is 4 cm in diameter, and 5 cm in length. Its coil constant is 15.1 G/A in the center
of the coil, which corresponds to 36,800 G at full power [50]. The time constant is
about 25 µs.
Secondly, two fixtures were fabricated using a soft magnetic material that has a
high saturation flux density (FeCoV, Bs∼2.6 T). The magnetizing heads consisted
of several magnetic yokes, as shown in Figure 2-13. The PM ring was sandwiched
between the fixtures. More specifically, four yokes were needed to pattern an eight-
pole PM ring. By applying an opposite current in the coil magnetizer, the magnetic
flux concentrated in the magnetic teeth, locally reversed the magnetization of the
PM material, as depicted in Figure 2-12(b). As a result, PM rings with alternating
magnetic poles were created, as shown in Figure 2-14. This process was similar to the
one reported in [51], but utilized an externally applied pulsed magnetic field from a
pulse-discharge magnetizer, rather than an integrated coil winding. This ultimately
enabled the potential for parallel magnetization of multiple rotors using multiple
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Figure 2-12: Conceptual schematics of the selective magnetization process: (a) full
magnetization through the thickness of the PM material, and (b) Opposite external
field using magnetic yokes to locally reverse the magnetization of the PM material.
Figure 2-13: Cut-away view and photograph of magnetizing heads that have an outer
diameter of 10 mm.
magnetizing heads.
The energy provided to the coil was carefully controlled. The field magnitude
generated in the gap between the top and bottom magnetic yokes had to be large
enough to reverse the magnetization of the selected area of the PM ring, but not too
large where leakage flux would reverse the other regions, thus the entire magnet. Fur-
thermore, the magnetization amplitude of adjacent opposite poles had to be similar
(i.e. low magnetic imbalance). Therefore, the externally applied magnetic field was
tailored in order to achieve the desired pole pattern.
An experimental setup was implemented to magnetically map the multi-pole PM
samples, and validate the pole patterning. The magnetized samples were placed
onto a non-magnetic stage controlled by x-y stepper motors. Experimentally, the z-
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Figure 2-14: Photograph of the multi-pole PM ring using magnetic viewing paper.
component of the magnetic field was mapped across the entire surface of the sample.
The magnetic field was recorded using a transverse Hall-effect Gauss sensor (HGT-
2100, Lakeshore) [52], which was positioned at 100 µm above the surface of the PM
material, and encapsulated inside a 250-µm-thick package. The active area of the
sensor was 0.2 mm x 0.2 mm. Using a Matlab application, the stepper motors were
controlled to displace the magnetic sample relatively to the position of the sensor.
Experimentally, it was noticed that a specific energy, set by the capacitance and
initial voltage of the pulse-discharge magnetizer, was necessary to achieve high ampli-
tudes as well as low magnetic imbalance between up and down poles of a multi-pole
PM sample. Figure 2-15 shows the difference ∆B, and the sum ΣB measured between
two adjacent poles, as a function of energy applied to the pulse-discharge magnetizer.
Because the adjacent poles were magnetized in opposite directions, ΣB characterizes
the magnetic imbalance, while ∆B represents the amplitude of magnetization, as
shown in Eq. (2.29).


∆B = Bup,max −Bdown,max
ΣB = Bup,max +Bdown,max
(2.29)
A very small pulse of energy would not overcome the magnetic anisotropy of the
pre-magnetized structure. Consequently, the magnetization would not be reversed.
Conversely, a large pulse would reverse the entire magnet, likely due to leakage flux.
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Figure 2-15: Energy-dependent selective magnetization measured between two adja-
cent opposite poles. Both the sum and the difference of the amplitude of magnetiza-
tion are represented.
For the particular case presented in Figure 2-15, the maximum amplitude and min-
imum imbalance were achieved at an applied energy of approximately 3 kJ. While
these trends remained valid for samples with different thicknesses and number of poles,
the specific energy required to obtain low magnetic imbalance, and high amplitude
differed.
A typical magnetic map of an eight-pole rotor is depicted in Figure 2-16. The data
were represented as normalized to the maximum value, and recorded every 500 µm.
For better graphic clarity, the data were interpolated. The transition region between
opposite poles was clearly visible. This sample exhibited a magnetization imbalance
of approximately 2% between up and down poles, confirming the magnetic balancing
described previously. Finite element analysis further validated the results achieved
with the experimental process [36]. This automated apparatus improved the accuracy
and the repeatability of measurements over manual measurements reported in [5].
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Figure 2-16: Magnetic map of a 10-mm-diameter eight-pole SmCo ring. Experimental
datapoints were recorded every 500 µm. For better graphic clarity, the values were
interpolated.
2.4.3 Considerations on High-Speed PM Rotors
Several aspects were considered to improve the performance of multi-pole PM rotors.
To first order, the output power delivered by PM machines is proportional to the
square of the rotational speed, magnetic field, and surface area. Assuming that
the size of the machine and the magnetic field were fixed by design and application
constraints, increasing the maximum rotational speed became a primary goal for the
generation of high power densities. Rotor failures were explained by high level of stress
in the brittle permanent magnets [37]. As the speed increased, internal centrifugal
forces increased, causing the material to radially expand, and eventually explode as
it reached its mechanical strength limit. To avoid radial expansion, the PM material
was constrained into a titanium housing, which exhibited high Young’s modulus [37].
The first generation of PM rotors consisted of a PMMA housing with integrated rings
of magnetics. This rotor demonstrated a maximum speed of 120,000 rpm [5].
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Generator Frequency f
1 kHz 10 kHz 100 kHz
Resistance R (mΩ) 170 177 182
Inductance L (nH) 310 302 299
Inductive reactance X=2pi·f·L (mΩ) 1.9 19 189
Table 2.5: Measured phase resistances and inductances at various frequencies.
2.5 Experimental Results
2.5.1 Stator Electrical Characterization
Both the resistance and inductance of the microfabricated windings were characterized
using an impedance analyzer (Keithley 3322 LCZ Meter) in the frequency range of
interest. The results are presented in Table 2.5.
Typical operation of these microgenerators ranges from 1 to 30 kHz (approxi-
mately 400,000 rpm). At this frequency range, the inductance reactance X is much
smaller than the resistance R. Consequently, the inductive reactance is negligible,
and the machines can be characterized using purely resistive loads. At higher oper-
ating frequencies (i.e., higher rotational speeds), the inductive reactance is no longer
negligible, implying the use of reactive loads.
2.5.2 Spinning Rotor Test Stand
To characterize the microgenerators in operation, a test stand that incorporated a
high-speed air-driven turbine to spin the PM rotors, and an x-y-z micropositioner to
control the relative position of the stator was implemented, as depicted in Figure 2-17.
The test stand was developed to enable mechanical-to-electrical power generation,
while avoiding the hurdles associated with integrated bearings. The spindle was a
standard radial-flow turbine supported by two low-friction ball bearings (HNG-100H,
Handpiece Parts and Products, Inc.). A housing was fabricated to hold the turbine
in place, and to provide inlet and outlet pressure ports. Powered by compressed air,
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Figure 2-17: Spinning rotor test stand: (a) Schematic, and (b) photograph.
it provided rotational speeds up to 400,000 rpm.
The alignment procedure began by bringing the rotor and stator in contact, to
define the zero gap. Unlike the previous test-stand reported in [5], there was no
need to adjust the relative angle between rotor and stator, as this was preset by the
assembly of the test-stand parts. The rotor was then set at approximately 500 µm
above the stator. While the rotor was spinning at low speeds, the stator was aligned so
as to generate three symmetric waveforms. Figure 2-18 depicts a sample of the three
recorded waveforms. The amplitude of the three phases were similar, indicating that
the rotor and stator were accurately aligned. As expected, the three phases exhibited
an electrical phase delay of 120◦. After the alignment procedure was completed, the
air gap was lowered for performance characterization.
2.5.3 Open-Circuit Voltage Measurements
Single-phase, open-circuit voltages were measured as a function of rotational speed,
and air gap. Figure 2-19(a) shows the open-circuit voltage as a function of the ro-
tational speed for a fixed air gap of 100 µm using a SmCo rotor. As predicted by
Eq. (2.28), the open-circuit voltage scaled linearly with the rotor speed. The air-gap
dependence of the open-circuit voltage is plotted in Figure 2-19(b) for various speeds.
The measurements indicated an exponential decay with increasing air gap, caused by
the decrease in magnetic flux density inside the machine.
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Figure 2-18: Waveforms generated during alignment phase.
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Figure 2-19: Open-circuit voltage measurements using a SmCo rotor: (a) as a function
of speed at a 100 µm air gap, and (b) as a function of the air gap for various rotational
speeds.
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Furthermore, the open-circuit voltage calculated using the reluctance model devel-
oped in Section 2.3 closely matched the experimental data presented in Figure 2-19(a).
However, it should be noted that several assumptions were made.
1. The leakage flux between two magnetic poles was considered to be negligible.
As shown in Figure 2-19(b), this assumption did not affect the fit for small air
gaps. Nonetheless, it explained the discrepancy observed at air gaps superior
to 500 µm. As the air gap increases, the leakage flux becomes more severe, thus
non-negligible as compared to the air gap flux.
2. The permanent magnets were assumed to be perfectly magnetized, and that
there were no dead zones (non-magnetic areas between opposite poles). A
trapezoidal magnetization profile of the PM rotor could provide a better repre-
sentation of the flux.
3. It was assumed that the magnetic flux in the air gap was fully captured by the
windings. A correction factor, which corresponds to the area filled with copper
radial conductors over the total area, could be introduced.
4. Lateral leakage captured by the end-turn conductors was not taken into account.
This may however increase the calculated induced voltage.
5. The relative permeabilities of the rotor and stator back irons were not utilized
in the final calculation because of their very high values.
Consequently, a more complex model was developed by S. Das at MIT [34,38]. The
PM generators were analyzed at a given radius by solving 2-D Maxwell’s equations
in the magneto-quasistatic regime for the angular distribution of vector magnetic po-
tential, and resulting incremental flux. The incremental fluxes were then integrated
over the radial span of the machine to determine the total flux produced by the rotor,
and consequently the induced voltages in the windings. The model included magnetic
transition regions between opposite poles, as well as a specific trapezoidal magneti-
zation profile of the PM rotor. This model accurately represented the behavior of
the PM generator as a function of speeds and air gaps (see Figure 2-19(b)). In order
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Figure 2-20: NdFeB-rotor-generated open-circuit voltages as a function of rotor speed
for various air gaps.
for Das’ model to fit the experimental data, the remanence of the magnets were set
at 0.4 T, approximately 3 times smaller than the expected value. It was unclear
whether this was a flaw in the modeling, or an indication that the magnets were not
fully saturated.
The open-circuit voltages generated by NdFeB rotors were also characterized, as
shown in Figure 2-20. Even though NdFeB magnets have higher remanence than
SmCo (see Table 2.1), the open-circuit voltages per unit speed delivered by NdFeB
machines were similar to SmCo microgenerators. This was attributed to the specific
magnetization process of the PM rings. As we detailed previously, magnetic yokes
were utilized to selectively magnetize the poles of PM rings. Because both the rema-
nence and the coercivity of the NdFeB are higher than that of SmCo, the local field
required to reverse the direction of magnetization of magnetic poles, and to fully satu-
rate the magnets are supposedly larger. However, we believe that the yokes saturated
during the magnetization process, thus possibly preventing the full magnetization of
the NdFeB rings.
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Figure 2-21: Three-phase rectification circuit for DC power generation testings: (a)
Schematic, and (b) Photograph.
2.5.4 Power Generation
Modern electronic devices operate using dc voltages. Consequently, a passive ac/dc
converter was used to provide dc power to a resistive load [5, 38]. The converter,
schematized in Figure 2-21(a), and depicted in Figure 2-21(b), included a three-
phase ∆/Y-connected transformer (1:6 turn ratios) that stepped up the ac output
voltages, and a three-phase diode bridge rectifier to convert the three-phase ac signal
to a dc output. To minimize the effects of the Schottky diode voltage drops (∼0.3-
0.4V), the stator windings were connected in a Y-configuration, and coupled to the
∆-connected primary side of the transformer, giving an overall step-up ratio of 18.
The resistances of the three-phase transformer were about 20 mΩ, and 225 mΩ on
the primary, and secondary sides, respectively. Experimentally, the output power was
calculated by measuring the voltage across an external load resistance connected to
the diode bridge. 50 Ω and 500 Ω wire-wound 12.5W rheostats (Part RES50R-ND,
RES500-ND, Digikey) were used as load resistances. For these experiments, the air
gap between the stator and the rotor was set at 100 µm.
Figure 2-22(a), and Figure 2-22(c) show the dc output power measured across
various load resistances. The data recorded using SmCo, and NdFeB rotors were
measured at 50,000 rpm, and 100,000 rpm, respectively. Furthermore, there was
good agreement between experimental data and theoretical values calculated using
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Eq. (2.11). As expected, the maximum output power was measured under matched
load conditions (Rl ∼ 40 Ω). The load resistance was then fixed, and the load voltage
was measured as a function of speed, in order to calculate the output power using
Eq. (2.5). The load resistance was re-measured at each speed to ensure accuracy of
the power calculations as the resistor heated. For example, at a rotational speed of
200,000 rpm, the load resistance exhibited a heat-related resistance increase of 3%.
Experimental data are plotted in Figure 2-22(b) and Figure 2-22(d). At a rotational
speed of 305,000 rpm, the SmCo ring exploded, causing damages to both the rotor
and stator. As indicated in [37], SmCo ring magnets encased in titanium housing
were expected to fail at approximately 325,000 rpm, which was in close agreement
with experimental results. NdFeB rotors did not fail at 405,000 rpm, but the turbine
performance limited characterization at higher speeds. The corresponding output
power was lower than its expected value. We believe that the bearings were not
stable at such high input pressures of compressed air. This caused the air gap to
be increased, thus resulting in lower output power. NdFeB generators demonstrated
a maximum dc output power of 10.8 W across a resistive load, and SmCo devices
exhibited 8 W at a rotational speed of 305,000 rpm.
Figure 2-23 shows the load voltage waveforms recorded across several different load
resistances at 100,000 rpm. The waveforms exhibited six peaks during one electrical
cycle, corresponding to the rectified peaks of each of the three phases. Under matched
load conditions, the voltage variation was below 10%.
2.5.5 Source of Power Conversion Losses
Intensive modeling was performed by S. Das at MIT to evaluate the losses in PM
microgenerators [38], and only the key results are presented in this section. The PM
generator modeling was briefly introduced in Section 2.5.3, and enabled the calcula-
tion of open-circuit voltages. Using these induced voltages as sources, PSpice circuit
models were utilized to model the machine, and power electronics. As a result, the
different sources of power conversion losses can be estimated by measuring the output
power, and using the models to back-calculate the power conversion efficiencies. PM
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Figure 2-22: Power measurements using both SmCo and NdFeB rotors: (a) and (c)
across various load resistances at a given rotational speed, and (b) and (d) as a
function of speed across a resistive load at a 100 µm air gap. Eq. (2.11) was used for
the theoretical model.
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Figure 2-23: Load voltage waveforms across various load resistances at a rotational
speed of 100,000 rpm.
synchronous rotary machines exhibited several sources of losses that are enumerated
below.
1. Mechanical losses : They were caused by friction in the sets of ball bearings,
and were solely dependent on the design of the off-the-shelf turbine design.
Consequently, this was not accounted in the overall power conversion of the
PM generators.
2. Magnetic losses : The spinning rotor generated a time-varying magnetic flux, as
a result of which hysteresis, and eddy currents were created in the ferromagnetic
substrate. These core losses affected the overall generator efficiency, but did
not degrade the net electrical performance of the generator (These losses are
primarily reflected in additional force required to spin the rotor to a certain
speed). Similarly, proximity losses were induced in the stator windings.
3. Electrical losses : These losses were due to windings and power electronics. The
windings suffered from conduction losses caused by their finite resistance. The
losses in the power electronics were mainly caused by the constant voltage drop
of the diodes.
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Figure 2-24: Power distribution of SmCo generator as a function of load resistance,
at 300,000 rpm for a 100-µm air gap [38].
The models performed by S. Das determined the respective contribution of these
losses. Figure 2-24 features the power breakdown as a function of the external load
resistance, at 300,000 rpm using a SmCo rotor [38]. Table 2.6 details the loss distri-
butions at matched load, and at 300,000 rpm. The dominant loss in the generator
was due to eddy currents in the stator substrate, and represented 57% of the total
lost power. This result indicated the need for a laminated stator core. Next, the
conduction losses in the windings were approximately 10 times higher than the prox-
imity losses. These last-mentioned losses could be reduced by laminating the radial
conductors, but it would increase the coil resistance, thus further increasing the con-
duction losses due to higher resistance.Finally, 30 W of mechanical input power would
result in 8 W of dc output power across a resistive load, as presented in Table 2.7.
The mechanical-to-electrical power conversion, which was defined as the difference
between the mechanical input power and the power calculated after subtracting mag-
netic losses, was approximately 16 W.
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Generic losses Specific losses
Power Loss distribution
(W) (%)
Magnetic
Eddy current (Peddy) 12.56 56.8
Hysteresis (Physt) 0.37 1.7
Proximity (Pprox) 0.92 4.1
Electrical
Conduction (Pcond) 7.46 33.7
Power electronics (Ppe) 0.81 3.7
Table 2.6: Distribution of losses in PM microgenerators at matched load, and at
300,000 rpm.
Mechanical input power Pmech 30.12 W
Generated power Pelec=Pmech-Peddy-Physt-Pprox 16.27 W
Power deliverable to load Pout=Pelec-Pcond-Ppe 8 W
Table 2.7: Distribution of power in PM microgenerators at matched load, and at
300,000 rpm.
2.5.6 Machine Efficiency
The characterization of the machine efficiency was important, and required the mea-
surements of both the mechanical input power and the electrical output power. To
evaluate the mechanical input power, the rotational speed and the torque had to be
measured. Even though the rotor speed was easily measured, the torque measure-
ments required the use of a dynamometer with high resolution while supporting high
rotational speeds. Unfortunately, there was no available measurement systems suit-
able for our application. Consequently, electrical measurements were recorded at the
system output, and device models were used to extract the induced voltages and the
torque, as introduced in Section 2.5.5, and described in [38]. The extracted torque
was multiplied by the measured speed to obtain an estimate of the input mechanical
power.
Two different efficiencies are plotted in Figure 2-25 under matched load condi-
tions as a function of speed. The electrical efficiency ηe, represented the efficiency
of the system from the induced voltage to the load. It took into account the stator
conduction losses and power electronics losses, but neglected the magnetic core losses
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Figure 2-25: Electrical system efficiency ηe, and generator system efficiency ηg, as a
function of speed under matched-load conditions.
in the substrate. This value approached the ideal 50% of maximum power transfer
as the speed increases, showing how the transformer core losses and diode voltage
drop losses in the ac/dc converter became less significant with increasing speed. The
generator efficiency ηg, represented the efficiency of the entire system and was defined
as the ratio of the dc electrical output power to the mechanical shaft input power
(neglecting mechanical bearing and windage losses). The difference between the gen-
erator efficiency and the electrical efficiency was the magnetic losses in the stator core.
These losses were primarily caused by the generation of eddy currents, indicating the
need for magnetic laminations in the stator.
2.6 Conclusions on Multi-Watt-Level
PM Microgenerators
To summarize, three-phase synchronous PM microgenerators were designed and fab-
ricated using a combination of microfabrication techniques and precision machining.
The stators were eight-pole, three-turn-per-pole electroplated copper windings on a
magnetic substrate. As for the rotors, both SmCo and NdFeB PM materials were
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tested, and combined with a high-performance magnetic back iron. The rotor mag-
netics had inner and outer diameters of 5 and 10 mm, respectively. The design was
based on a first generation of PM microgenerators that demonstrated 1.1 W of dc
power across a resistive load at a rotational speed of 120,000 rpm [5]. The objective
of this second generation was to achieve higher rotational speeds, as well as higher
power per unit speed, which in turn corresponded to a more efficient stator design.
Table 2.8 summarizes the differences between the two generations of devices, as
well as their performances. This second-generation, three-phase PM microgenerators
demonstrated a corresponding 30% improvement in power density attributed solely
to stator enhancements. The stator improvements, combined with higher rotational
speeds using SmCo rotors in a titanium housing (305,000 rpm), have enabled a 7.2x
increase in total output power. Furthermore, the replacement of SmCo magnets by
mechanically stronger NdFeB magnets have resulted in a 30% speed increase, which
in turn increased the output power above 10 W of dc electrical power. Unlike SmCo
rotors that suffered from catastrophic failures at 305,000 rpm, the maximum speed
achieved with NdFeB rotors was limited by the air-driven spindle utilized in the
experimental setup.
These results indicated that PM microgenerators were suitable for high-power-
density microengines. Although the machine performances are expected to degrade,
as the system temperature increases (due to the close proximity with the heat engine),
these devices demonstrate higher output power than that of induction machines by
orders of magnitude. As compared to other microgenerators with comparable sizes
reported in Table 1.2, this second generation exhibited the highest output power. To
further increase the output power, several changes can be investigated, such as the
use of a laminated back iron to reduce eddy current losses, and increase the gener-
ator efficiency. The current configuration exhibited approximately 12.5 W of stator
core losses at 300,000 rpm, which represented more than 40% of the mechanical-to-
electrical power conversion. In addition, air-gap reduction, higher rotational speeds,
and fully saturated magnets are some of the possibilities for achieving higher output
power.
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Device Stator Rotor Performance
Windings PM Housing Speed Power
1st G. [34, 35] 2 turns SmCo PMMA 120 krpm 1.1 W
2nd G. #1 3 turns SmCo Ti 305 krpm 8 W
2nd G. #2 3 turns NdFeB Ti 405 krpm 10.8 W
Table 2.8: Summary of the microgenerator optimization.

CHAPTER 3
MINIATURIZATION OF PM
GENERATORS FOR LOW POWER
APPLICATIONS
Watt-level power generators are very useful for a wide variety of portable electronics.
However, many systems do not require as much power to operate. From pacemakers
to backup batteries of network systems, there is a real need for power sources that
deliver electrical power in the milliwatt range, given size and weight constraints.
In this chapter, we investigate the miniaturization of PM microgenerators for low
power applications (∼1 mW). Further miniaturization of the devices described in
Chapter 2 presents many challenges. As the scale decreases, several key parameters
must be considered to maintain the output power at a practical level, such as low
winding resistances, high rotational speeds, small air gaps, and magnetic degrada-
tion of small-scale permanent magnets. Such effects and limitations have not been
explored in miniaturized generators that have diameters of less than 5 mm, as con-
firmed by [20]. We first detail how scaling laws influence the size reduction of magnetic
microsystems. While PM machines are very attractive at small scales due to favorable
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magnetic interactions, practical limits of downscaling are considered, and dictate key
design choices. Multiple designs are fabricated and characterized to explore the trade-
offs between performance and fabrication capabilities. Furthermore, polymer-based
turbomachinery supported by off-the-shelf miniature ball bearings is fabricated, and
is integrated with such microgenerators to form a standalone, microfluidic-electric
package for low power generation.
3.1 Scaling Considerations
The fundamental scaling effects resulting from magnetic interactions have been stud-
ied by several researchers [23,53]. Unlike magnetic induction machines, which are less
efficient at smaller scales, the effectiveness of PM devices nominally remain constant
as the size decreases. Indeed, the magnetic flux density available from a permanent
magnet is independent of its size. As a consequence, the ultra miniaturization of high-
power-density, PM microgenerators is favorable. We have mentioned earlier that the
electrical voltage generated by rotary PM machines can be expressed as a function of
several parameters, such as rotor speed ω, active area A, and operating field Bop (see
Eq. (2.4)). Consequently, the output power P is given by:
P = α×
ω2 × B2op ×A2
Rw
(3.1)
where Rw is the winding resistance, and α is a coefficient of proportionality. Con-
sidering an active area delimited by the outer diameter Do, and inner diameter Di,
Eq. (3.1) becomes:
P = α×
ω2 ×B2op × pi
2
16
× (D4o −D4i )
ρ×Lw
Aw
(3.2)
where ρ, Lw, and Aw are the resistivity, length and cross-sectional area of the coil,
respectively. Let’s now introduce a scaling factor k in Eq. (3.2). Each size-dependent
3.1. Scaling Considerations 83
parameter is modified accordingly, resulting in:
P = α×
ω2 × B2op × pi
2
16
× (k4 ×D4o1/k − k
4 ×D4i1/k)
ρ×k×Lw1/k
k2×Aw1/k
(3.3)
Note that the operating field generated by the permanent-magnet rotor is assumed
to be constant throughout this calculation. By regrouping the k -dependent elements,
P = α× k5
ω2 × B2op × pi
2
16
× (D4o1/k −D
4
i1/k
)
ρ×Lw1/k
Aw1/k
(3.4)
Assuming that the rotational speed w is maintained constant,
P = k5 × P1/k (3.5)
Eq. (3.5), which is similarly reported in [27], indicates that the net power generated
by PM machines is strongly dependent on its size. As shown in Figure 3-1, the net
performance drops significantly as the overall size was reduced (i.e., the dimensions
are scaled by a factor 1/k). While this result might be seen as a major drawback,
advantages such as size reduction, and weight decrease may favor the design of smaller
generators for low power applications. In addition, note that the rotor speed can also
be expressed as a function of the scaling factor. As the size decreases, the rotor speed
can potentially increase (i.e., the maximum rotor tip speed will remain constant). As
a result of this consideration, the power density remains constant independent of the
size of the PM generator, as shown in Eq. (3.6).
Pk ∝ k5 ∝ ω2.k3 (3.6)
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Figure 3-1: Normalized PM generator performance as a function of its relative size,
assuming constant rotational speed.
3.2 Practical Limits & Their Influences on
Design Choices
In Chapter 2, we reported 10-mm-diameter SmCo microgenerators that delivered 8 W
of output power at 305,000 rpm. By substituting the output power demonstrated by
this microgenerator in Eq. (3.5), the maximum scaling factor utilized to design ultra-
miniaturized generators for milliwatt level applications can be estimated. Assuming
that a similar rotational speed is achieved, the predicted output power generated by
smaller machines is plotted in Figure 3-2 as a function of the scaling reduction factor
and the machine outer diameter. Our objective was the design of ultraminiaturized
generators with milli-watt-level capabilities. Therefore, a scaling reduction factor k
of 5 (scaling factor = 1/5) was selected, which corresponded to 2-mm-diameter PM
microgenerators. At such small scales, one of the key issues was to fabricate high-
performance permanent magnets, and to minimize the degradation of magnetic per-
formance in multi-pole magnetic rotors. As the overall size of the machine decreases,
dimensions such as the air gap between the rotor and stator, and the magnetization
uniformity in the pole pieces start to significantly reduce the output power of the
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Figure 3-2: Power prediction as a function of the PM machine dimensions and the
scaling reduction factor. The calculated values are based on the performance of a
10-mm-diameter SmCo generators at 305,000 rpm.
devices. Although the fabrication of ultraminiaturized stator windings benefit from
microfabrication processes, it is still challenging to make mm-scale, high-performance
PM pieces.
• First, each piece of PM material is used for one magnetic pole, unlike the
magnetically-patterned PM rings used in Section 2.4.2. The process scalabil-
ity of the selective magnetization process was simulated by varying the radial
dimensions of the PM rings [36]. As the diameter decreases, the leakage flux
between two teeth of the magnetizing heads becomes more severe, affecting the
magnetization patterning of the PM ring. Although these simulations have not
been confirmed experimentally, they suggested that this magnetization tech-
nique would not be suitable at smaller scales. Consequently, further miniatur-
ization of PM generators requires a new magnetization technique. Hence, each
magnetic pole is fabricated using a single piece of PM material. A laser machin-
ing process is used to shape the magnets. However, it may cause some material
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degradation at the edges of the pieces, resulting in non-magnetic regions (typi-
cally a few hundred microns in width). Moreover, imperfect shapes, and rough
edges cause slight lateral gaps between the pole pieces. These fabrication lim-
itations, if not carefully controlled, increase the lateral extent of the transition
regions between two opposite magnetic poles (also called “dead zones”), which
do not contribute to the magnetic flux. Because of the small size of the mag-
nets, this may represent a non-negligible percentage of the total area, and thus,
severely decrease the performance of the machine.
• Secondly, the magnetic flux captured by the stator windings comes from the
fringing field between opposite magnetic poles. Consequently, the air gap must
be reduced in order to remain small as compared to the thickness of the PM
material. Moreover, as the number of poles increases, the vertical component
of the magnetic field intensity becomes smaller, and thus reduces the total
effective flux of the machine (the leakage between two opposite poles increases).
Accordingly, reducing the number of magnetic poles minimizes the degradation
of the magnetic performance in these small-scale PM rotors.
• Thirdly, with regards to the stator coil design, several factors have to be con-
sidered in order to maximize the output power. Surface-wound stator coils offer
fabrication simplicity when compared to their fully three-dimensional counter-
parts. However, even these coils can suffer from microfabrication-related limi-
tations such as photoresist aspect ratio, number of copper layers, and limited
cross-sectional area of the windings. As a result, trade-offs between the num-
ber of turns and the resistance of the windings have to be investigated at the
microscale.
3.3 Ultraminiaturized PM Generators
The generators were three-phase, axial-flux, multi-pole, synchronous PM machines
consisting of a rotor with a multi-pole permanent-magnet and a ferromagnetic back
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Figure 3-3: Conceptual drawings of ultraminiaturized, axial-flux, rotary PM genera-
tors (4-pole, 3-turn/pole): (a) Perspective view, and (b) cross section A-B. The SU-8
insulating layer is not shown in (a) for design clarity.
iron, and a stator with electroplated, surface-wound copper coils on a silicon substrate,
as depicted in Figure 3-3. Unlike 10-mm-diameter generators, no stator back iron was
utilized. As mentioned previously, the PM machines have a diameter of 2 mm. In
Figure 3-3(b), the thicknesses of the stator layers have been exaggerated for better
clarity.
Several design parameters were modified to explore possible effects of fabrication-
induced degradations, and limitations. The number of magnetic poles and the number
of turns per pole were varied. The parameter values are summarized in Table 3.1.
The devices were labeled using their corresponding number of poles p and number of
turns per pole N. For example, a four-pole, six-turn/pole stator was named “4-6”.
3.4 PM Microstructures for Magnetic Rotors
The recent developments in electroplated and sputter-deposited permanent magnet
technologies are very promising for powerMEMS devices. The magnetic performances
achieved using these approaches were similar to the best bulk material characteristics
[54–57]. Moreover, a technique to form bonded micromagnets embedded in silicon was
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Number of Number of Generator
magnetic poles turns per pole labels (p-N)
2 3 2-3
2 6 2-6
4 3 4-3
4 6 4-6
8 3 8-3
Table 3.1: Design parameters of miniaturized PM generators.
recently reported [58]. These various techniques are very promising for the fabrication
of silicon-based PM generators comprising a silicon rotor with electroplated magnets
that does not require manual assembly. Despite the advantages of batch fabrication
and process integration, the thicknesses achieved with these approaches were still too
thin (in the order of tens of microns) for our application. As mentioned previously,
the thickness of the magnets must be much larger than the air gap in order for the PM
machines to benefit from high magnetic flux densities. Thus, 0.5-mm-thick sheets of
high-performance NdFeB, and SmCo permanent magnets were used to form the rotor
magnetic components. SmCo magnets were also considered in this work because they
are much less susceptible to the machining-induced heat damage that may limit the
performance of the more temperature-sensitive NdFeB material, and further may be
more compatible with high-temperature operation.
3.4.1 Laser Micromachining
The PM material was first demagnetized by heating it above its Curie temperature,
and then machined using a 1047-nm Nd:YLF laser (Resonetics, Inc.). Laser micro-
machining of NdFeB magnetic materials was previously reported, and demonstrated
successful process capabilities [59]. The laser characteristics and process parameters
are detailed in Table 3.2. The angular shape of the PM pieces was determined by the
number of poles, as shown in Figure 3-4. Once the PM structures were cleaned, they
were individually magnetized in the thickness direction using a discharge-capacitance
magnetizer, and assembled to form an alternating magnetic pole pattern.
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Laser characteristics Process parameters
Wavelength 1047 nm
Pulse repetition rate
1000
Pulse duration 180 ns pulses per second
Beam diameter 100 µm Cutting speed 1 mm/sec
Average power ∼ 3.3 W Number of passes 3-5
Table 3.2: Nd:YLF laser process parameters.
Figure 3-4: SEM micrographs of laser-machined PM structures: (a-c) SmCo, and (d)
NdFeB. (d) is a tilted view.
90 3. Miniaturization of PM Generators for Low Power Applications
Figure 3-5: Schematic of a uniformly-magnetized two-piece magnet. The sample is
2 mm in diameter.
3.4.2 Magnetic Characterization
To verify that such small pieces were not considerably affected by the machining pro-
cess, magnetic field measurements were performed on some samples. By magnetically
scanning the surface of the magnets, we were able to investigate the magnetic degra-
dation near the edges of PM pieces. Two semicircular permanent magnets having
a radius of 1 mm were laser-machined as described previously. After cutting and
assembly, the samples were magnetized in the thickness direction, as presented in
Figure 3-5.
Measurements were obtained using the magnetic scanning setup reported in Sec-
tion 2.4.2. Experimental datapoints were recorded every 200 µm. The results are
presented in Figure 3-6. Data were interpolated for better clarity of the graphics. For
comparison, the magnetization values of the magnetic sheets prior to laser machining
were also measured. The laser-machined pieces featured similar maximum values to
their corresponding unmachined sheets. Regarding edge degradations, SmCo sam-
ples did not exhibit a decrease in magnetic field at the border between the two pieces.
On the other hand, NdFeB samples clearly showed a magnetization drop, indicat-
ing that the material was degraded, and thus less magnetic. Figure 3-7 shows the
magnetization profile recorded at the center of both samples along the x-axis. The
slight negative magnetization observed near the external edges of both samples was
attributed to fringing field effects.
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Figure 3-6: Experimental magnetic maps of two-piece magnets: (a) SmCo, and (b)
NdFeB. The magnetization is represented as a percentage of the remanence.
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Figure 3-7: Magnetization profile of two-piece magnets.
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In order to assess the quality of the laser-machined permanent magnets, the av-
erage magnetization of the PM samples was calculated over the magnet area, and
normalized over the peak magnetization value. The average magnetization B is given
by:
B ≡ 1
APM
·
∫ XPM
0
∫ YPM
0
B(x, y).dxdy (3.7)
where APM is the magnet area, and B(x,y) is the measured magnetization at the
location (x,y). Consequently, Eq. (3.7) can be written using Riemann sums, which
is a method for approximating the total area underneath a function using discrete
summations. As a result,
B ≡ 1
APM
×
YPM∑
j=0
(
(yi+1 − yi) ·
XPM∑
i=0
B(xi, yj) · (xi+1 − xi)
)
(3.8)
For the 2-mm-diameter PM samples that were magnetically characterized (see Fig-
ure 3-6), the average measured magnetic field measured at an air gap of 350 µm over
the magnet area was BSmCo = 0.1 T, and BNdFeB = 0.13 T. These results indicated
a moderate drop of magnetization (BSmCo,peak = 0.12 T, and BNdFeB,peak = 0.19 T),
confirming that laser machining of mm-scale permanent magnets was a practicable
approach.
Based on this magnetic characterization, the process scalability of the laser ma-
chining of PM material was investigated. The objective of this analysis was to deter-
mine the critical dimensions at which fabrication-sensitive NdFeB magnets became
less efficient than SmCo.
Assume that the degraded regions of NdFeB due to the laser process were non-
magnetic. The lateral extent of these regions was denoted w
2
, as shown in Figure 3-
8. In addition, consider that there was no fabrication-induced degradation of the
magnetic properties of SmCo magnets. Consequently, the magnetic flux available
from a p-pole NdFeB rotor was given by:
ΦNdFeB = B
Nd
r ×Aeff (3.9)
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Figure 3-8: Schematics of multi-pole magnets for analytical process scalability of
laser-machined permanent-magnets.
where Aeff was the magnetized area, which corresponded to the difference between
the total area Atot and the non-magnetic area ANM .
Aeff = Atot − Adead (3.10)
Based on geometrical considerations depicted in Figure 3-8,
Atot =
pi
4
· d2 (3.11)
and ANM was:
ANM =
(p
2
· w · (d− w)
)
−
(
(
p
2
− 1) · w2
)
+
(pi
4
· (d2 − (d− w)2)
)
(3.12)
The first block from Eq. (3.12) was associated to the non-magnetic regions ANM1
shown in Figure 3-8. Similarly, the second block was introduced to compensate for the
over-estimation of the non-magnetic center region ANM2 for p-pole rotors. Finally, the
third block accounted for the non-magnetized area on the outer edge of the magnets.
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After simplification, Eq. (3.12) became:
ANM =
w
2
×
(
(p+ pi) · d− 4 + pi
2
· w
)
(3.13)
Consequently, the flux available from p-pole NdFeB rotors was:
ΦNdFeB =
(
pi
4
· d2 − p+ pi
2
· w · d+ 4 + pi
4
· w2
)
× BNdr (3.14)
whereas the magnetic flux available from p-pole SmCo rotors was simply given by :
ΦSmCo =
pi
4
· d2 ×BSmr (3.15)
The critical diameter dc was defined as the diameter where p-pole SmCo and Nd-
FeB magnets exhibited similar performance (i.e., ΦNdFeB = ΦSmCo). For diameter
d inferior to dc, SmCo rotors outperformed NdFeB rotors. dc was calculated using
Eq. (3.14) and Eq. (3.15), and resulted in a second-degree equation.
(
w
dc
)2 − 2 · p+ pi
4 + pi
· (w
dc
) +
pi
4 + pi
· (1− B
Sm
r
BNdr
) = 0 (3.16)
Based on the experimental results, the lateral extent of the non-magnetic regions was
estimated at 0.1 mm, which corresponded to w = 200 µm (see Figure 3-7). The
numerical results are presented in Figure 3-9. As the number of poles increased,
the critical diameter at which SmCo and NdFeB exhibited the same performance
increased. Consequently, for mm-scale PM generators with a high number of poles,
it might be preferable to use SmCo instead of NdFeB when the PM material is laser-
machined. Comparably, very small microgenerators with a low number of poles may
benefit from the use of SmCo.
The analytical results slightly overestimated the experiments. This was attributed
to the assumption that the laser machining did not degrade SmCo magnets. A more
complex model should include partially-demagnetized regions due to the laser machin-
ing process for both SmCo and NdFeB samples. However, the model provided clear
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Figure 3-9: Analytical process scalability of laser-machined permanent magnets.
indications regarding the design of mm-scale PM generators. These results should be
utilized as design guidelines rather than absolute results.
As a conclusion, both analytical and experimental results confirmed that laser
machining of mm-scale permanent magnets was a practicable approach with careful
selection of the PM material.
3.4.3 Finite Element Modeling of Magnetic Rotors
2-mm-diameter rotors were similar to 10-mm diameter rotors reported in Section 2.2.4,
which consisted of a titanium housing connected to a stainless steel shaft, a 0.5-mm-
thick FeCoV disc, which acted as a back iron, and discrete pieces of either SmCo, or
NdFeB permanent magnets. The permanent magnets were 0.5 mm thick, and mea-
sured 1 mm in radial direction. Schematics of the magnetic configurations of the two,
four, and eight-pole rotors are shown in Figure 3-10.
Even though the remanent magnetization of SmCo was approximately 25% lower
than that of NdFeB (Br = 11.5 kG and 14 kG, respectively), its ability to withstand
higher temperatures was advantageous for such small pieces (Practical demagnetiza-
tion temperatures are approximately Top = 300
◦C and 80◦C, respectively). As we
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Figure 3-10: Schematics of the different 2-mm-diameter multi-pole rotors used in the
3-D magnetic modeling: (a) two-pole, (b) four-pole, and (c) eight-pole rotors.
have developed in Section 3.4.2, the heat generated during the PM laser machin-
ing process can permanently degrade the magnetic performance at the edges of the
temperature-sensitive machined material, compromising the rotor efficiency.
Three-dimensional magnetic analyses of the 2-mm-diameter multi-pole rotors were
carried out using finite element modeling. The variables and parameters used in the
3-D analyses were introduced in Figure 3-10(a). The 3-D configurations introduced
in Figure 3-10 were utilized to model the distribution and intensity of the magnetic
field, as a function of the coil-to-magnet spacing z (i.e., air gap between the rotor and
the stator copper windings). The PM pieces were modeled as perfectly magnetized
elements. Figure 3-11 shows the distribution of the magnetic flux density for two-pole
rotors at the surface of a 50 µm air gap. In addition, the field intensity was evaluated
as a function of the air gap. As expected, small air gaps must be maintained in
order to benefit from a large magnetic field. Furthermore, the magnetic field was
concentrated in a small portion of the volume of the FeCoV back iron, indicating
that it did not saturate through the entire back iron thickness. This suggested that
a thinner rotor back iron could be utilized without decreasing the net performance of
the generators, resulting in higher power densities.
Simulation results are presented in Figure 3-12. The field intensity of multi-pole
rotors are plotted for several air gaps in Figure 3-12(a-c). The data were defined over
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Figure 3-11: Magnetic modeling of two-pole rotors: 3-D view of the magnetic flux
density at a 50 µm air gap. The rotor back iron and the PM material have a thickness
of 0.5 mm, and a diameter of 2 mm.
a circle having a radius rc that faced the center of the stator radial conductors, and
at a distance z of the rotor surface. The field intensity was also simulated along the
inner and outer boundaries of the radial conductors, but did not show any significant
variation. As a result, it was assumed that the field distribution was constant over the
full length of the radial conductors. The coordinates on the x-axis corresponded to the
circular perimeter of radius rc. As the air gap increased, the magnetic field intensity
decreased. At a 50 µm air gap, the multi-pole rotors exhibited similar magnetic field
intensities. At larger air gaps, the intensity was higher for two-pole rotors compared
to that of four-, and eight-pole rotors, as shown in Figure 3-12(d). This validated the
design choice of using a low number of poles. Note that these simulations did not
include any detrimental effects such as non-magnetic zones between alternately-poled
magnets, due to fabrication-induced degradation or other factors. The physical size
of these non-magnetic zones may become an appreciable fraction of the total magnet
circumference in practical systems as miniaturization occurs, further reinforcing a
design choice of lower number of poles. This effect will be discussed below in the
context of experimental measurements.
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Figure 3-12: Results of magnetic modeling for multi-pole rotors: (a-c) Distribution
of the field intensity along the circle rc for several rotors and coil-to-magnet spacings
(i.e., air gap), (d) Normalized maximum field intensity as a function of the air gap
for several multi-pole rotor configurations.
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3.5 Miniaturized Surface-Wound Coils
3.5.1 Stator Designs
Several corresponding stator geometries were designed with various number of mag-
netic poles (two, four, and eight), and turns per pole (three and six). The key enabler
for high power was to maximize the amount of copper in a given volume. Bar dia-
grams of three-phase, multi-pole, three-turn/pole stators are shown in Figure 3-13,
to provide a better understanding of the winding patterns, and pole dependences of
the two-layer coil designs. To distinguish the phases, one phase (Phase A) was rep-
resented by a darker line than the other two. The solid and dashed lines represented
the first and second copper layers, respectively. It should be noted that these bar
diagram schemes remained valid for six-turn/pole stators.
The radial conductors of a single phase were connected to each other by inner
and outer end-turns that cross over end-turns of other phases. These design schemes
were then arranged in a radial manner to operate along with rotating, circular, PM
rotors. The actual geometries of the stator coils were determined by the given volume
with the objective of minimizing the winding resistance by maximizing the amount of
copper. Various patterns of the single-phase, three-turn/pole, surface-wound copper
coils are depicted in Figure 3-14.
The radial conductors described in Figure 3-14, and depicted by the solid vertical
lines in Figure 3-13, were of the thickness of the two copper layers. Each of the three
phases of microgenerators spanned 120 electrical degrees (θe). Thus, the mechanical
angle (θm), which depended on the number of magnetic poles p, was given by:
θm =
2
p
× θe (3.17)
Accordingly, two, four, and eight-pole generators were designed using mechani-
cal angles between the phases of 120, 60, and 30 degrees, respectively. Figure 3-15
describes some of the three-phase stator winding patterns.
For such PM machines, the stator active area, which captured the magnetic flux,
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(a)
(b)
(c)
Figure 3-13: Winding diagrams of (a) 2-, (b) 4-, and (c) 8-pole, 3-turn/pole designs.
Solid line represents layer 1 and dashed line, layer 2. Phase A is darkened for reference.
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Figure 3-14: Renderings of single-phase, three-turn/pole stator winding patterns for:
(a) two-pole, (b) four-pole, and (c) eight-pole designs. The layers 1 and 2 of copper
are represented in orange and red, respectively.
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(a) (b)
(c)
Figure 3-15: Renderings of three-phase stator winding patterns for (a) 2-pole, 6-
turn/pole, (b) 4-pole, 6-turn/pole, and (c) 8-pole, 3-turn/pole designs.
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Label Number
Number of Width of Radial Copper
radial radial conductors conductor packing
(p-N) of vias conductors (at ID-OD) gap density
2-3 21 18 38-73 µm 150 µm 21%
2-6 39 36 38-73 µm 10 µm 42%
4-3 3 36 38-73 µm 50 µm 42%
4-6 3 72 38-73 µm 10 µm 85%
8-3 3 72 38-73 µm 10 µm 85%
Table 3.3: Design characteristics of radial conductors
Label Inner end-turn Outer end-turn
(p-N) width wi (µm) width wo (µm)
2-3 50 90
2-6 40 40
4-3 50 90
4-6 40 40
8-3 60 90
Table 3.4: Design characteristics of end-turns.
was defined by the length and design of the radial conductors. The main design
characteristics of each stator active area are summarized in Table 3.3.
The number of radial conductors equaled the number of phases multiplied by the
number of turns and the number of poles. The copper packing density was defined
as the area occupied by the radial copper conductors over the total area bounded by
outer and inner diameters of the radial conductors. Two-pole stators required more
vias to avoid the end-turn conductors overlapping each other. The inner, and outer
end-turns of the various machines, which were clearly depicted in Figure 3-14, had a
constant interconductor gap of 10 µm. The variable widths are detailed in Table 3.4.
3.5.2 Microfabrication & Packaging
The stator was a two-layer surface-wound copper coil microfabricated on top of a
silicon wafer. First, a 15-µm-thick copper layer was electrodeposited into a photoresist
mold (NR9-8000 P, Futurrex, Inc.). Secondly, an insulating layer of SU-8 epoxy was
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Figure 3-16: SEM micrographs of fabricated stator windings: eight-pole, three-
turn/pole design. The SU-8 insulation layer was etched away for imaging purposes.
spin coated on top of the metal layer. Vias were opened in the SU-8, and the second
layer of copper was electroplated through another mold of NR9-8000 photoresist. The
process flow was similar to the one that we have previously mentioned in Section 2.4.1,
except that the dimensions of the layers differed. 52 stators were batch-fabricated
each on 75-mm-diameter silicon wafer. Figure 3-16 shows SEM micrographs of the two
electroplated copper layers that were 15 µm, and 10 µm thick, respectively. The SU-8
epoxy insulation layer between the two copper layers was etched away for imaging
purposes.
The stators were individually diced, as depicted in Figure 3-17. Next, they were
mounted on ceramic packages for electrical characterization, as shown in Figure 3-
18. The six stator terminals were directly connected to the package pads by wedge-
bonding aluminum wires. No pre-treatment of the electroplated surface was required
to successfully perform the wire-bonding.
3.5.3 Stator Electrical Characterization
The single-phase winding resistances were analytically expressed for the various de-
signs, and calculated using the design characteristics reported in Table 3.3, and Ta-
ble 3.4. The overall resistance was broken down into three resistances, which corre-
sponded to three distinct sections of the windings, as enumerated below.
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Figure 3-17: Individually diced stators. Note the various geometries.
Figure 3-18: Packaged stators: (2-pole, 3-turn/pole device).
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1. The resistance of a single radial conductor was calculated by:
Rrad = ρ×
(rout − rin)
2.h× pi
72
× (roout + roin − gr)
(3.18)
where ρ was the resistivity of electroplated copper (1.76E-05 Ω.mm [60]), h was
the height of one copper layer, gr was the gap between radial conductors, r
o
out
and roin were the outer and inner radii of the radial conductors, respectively.
2. The resistance of the inner end-turns for p-pole, N -turns-per-pole windings was
defined as:
Rin(p,N) = ρ×
pi
h.wi
×
N∑
n=1
(roin − n.gi −
2.n− 1
2
.wi) (3.19)
with wi and gi being the width and the interconductor gap of the inner end-
turns, respectively.
3. The resistance of the outer end-turns for p-pole, N -turns-per-pole windings was
given by:
Rout(p,N) = ρ×
pi
h.wo
×
N∑
n=1
(roout + n.go +
2.n− 1
2
.wo) (3.20)
with wo and go being the width and the interconductor gap of the outer end-
turns, respectively.
As a result of Eq. (3.18), Eq. (3.19), and Eq. (3.20), the single-phase resistance of
a p-pole, N -turns-per-pole stator was expressed by:
R(p,N) = N.p.Rrad +Rin(N) +Rout(N) (3.21)
Furthermore, the single-phase resistances were modeled using three-dimensional finite
element analysis as well as experimentally measured. Table 3.5 presents the results for
the different geometries. The analytical results were calculated using the dimensions
provided in Table 3.3, and Table 3.4. The measured values were averaged over the
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Device Measured Simulated Calculated Measured resistance of
number resistance resistance resistance the packaged device
(p-N) (mΩ) (mΩ) (mΩ) (mΩ)
2-3 467 443 437 573
2-6 1328 1192 1324 1442
4-3 505 527 517 610
4-6 1530 1440 1485 1644
8-3 610 667 648 720
Table 3.5: Electrical characterization of the various stators.
three phases, but the electrical phases only exhibited an imbalance on the order of
a few milli-ohms. This was attributed to the relative non-uniform thickness of the
electroplated copper.
Accordingly, there were slight discrepancies between the analytical, simulated and
measured values. Although the analytical calculations were simplified, and did not
account for some localized design irregularities, it reasonably matched the measured
resistances. In addition, the packaging added a non-negligible resistance, as indicated
in the last column of Table 3.5. The six-turn/pole, surface-wound stator coils (2-6
and 4-6) had much higher resistances than their respective three-turn/pole devices
(2-3 and 4-3), due to smaller cross-sectional areas of inner, and outer electroplated
end-turns.
Finally, the resistance contribution of inner, outer, and radial conductors were
evaluated as a function of the number of poles. The results are plotted in Figure 3-
19. For both three and six-turn/pole stators, the long outer end-turns primarily
contributed to the overall resistance. The resistance of the radial conductors increased
as the number of poles increased. This was caused by the higher number of radial
conductors.
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Figure 3-19: Resistance breakdown as a function of number of poles: (a) three-
turn/pole, and (b) six-turn/pole stators.
3.6 Milliwatt-level Power Generation
3.6.1 Open-Circuit Voltage Measurements
The testing setup was similar to the one reported in Section 2.5.2. The stator package
was plugged into a solderless breadboard, which was clamped onto an x-y-z microposi-
tioner stage. The shaft of the rotor was inserted into the same off-the-shelf, air-driven
turbine (HNG-100H, Handpiece Parts and Products Inc.), which provided rotational
speeds of up to 390,000 rpm. The experimental setup with the ultra-miniaturized
generators is depicted in Figure 3-20.
The stator was first set at a few hundred microns below the rotor, which was
spinning at low speeds. X- and Y- alignments were achieved by monitoring the open-
circuit voltage waveforms. The position of the stator was adjusted such that the
voltage waveforms of the three phases were symmetric and sinusoidal, as shown in
Figure 3-21. At a rotational speed of 72,000 rpm, and a 450 µm air gap, the 4-6,
NdFeB microgenerator exhibited an output voltage waveform that had an amplitude
of 18 mV (= 6.3 mVrms), and an electrical frequency of 2.4 kHz. Once this procedure
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(a) (b)
Figure 3-20: (a) View of the experimental setup. (b) Close-up on the microgenerator.
The packaged stator was plugged into a solderless board for electrical characterization.
was completed, the air gap was decreased for electrical testing.
Open-circuit voltages measured from the different generators are plotted in Fig-
ure 3-22. For these experiments, the air gap between stators and rotors was set at
50 +/- 10 µm. As expected, the generators presented linear relationships between
the rotor speed, and the open-circuit voltage. The six-turn/pole generators demon-
strated approximately two times higher open-circuit voltages than the three-turn/pole
devices, using similar PM rotors. A maximum open-circuit voltage of 120 mVrms was
extracted out of the 4-6 generators, using either SmCo or NdFeB rotors.
Furthermore, two-pole NdFeB generators showed superior performance to two-
pole SmCo generators in the order of 45%. Nevertheless, this difference did not
remain valid for four, and eight-pole machines, as NdFeB and SmCo devices featured
similar results. These results are depicted in Figure 3-23. Even though the remanent
magnetization of NdFeB permanent magnets was higher than that of SmCo, larger
volumes of non-magnetic material at the edges of the laser-machined pieces lowered
the overall magnetic flux, and thus the output voltage. This confirmed the magnetic
characterization of mm-scale permanent magnets presented in Section 3.4.2. As the
number of poles increases, the difference of performance between NdFeB and SmCo
decreases. In addition, the difficulty of assembling very small PM pieces may have
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Figure 3-21: Open-circuit voltage waveforms of the three phases of the 4-6, NdFeB
microgenerator during alignment phase.
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Figure 3-22: Open-circuit voltage measurements as a function of the rotor speed using
(a) SmCo and, (b) NdFeB rotors.
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Figure 3-23: Open-circuit voltage per unit speed as a function of the number of
magnetic poles.
induced lateral gaps between each pole, which also affected the performance of the
machines.
Figure 3-24 shows the measurements of the open-circuit voltage per unit speed as a
function of the air gap, as well as the normalized data. As predicted by the simulations
shown in Figure 3-12(d), eight-pole machines were less efficient for large air-gaps.
Experimental trends were also confirmed by the magnetic simulations detailed in
Section 3.4.3, and by the reluctance model developed in Section 2.3. As the gap
increases, the magnetic leakage between two magnetic poles increases. Consequently,
the percentage of flux captured by the windings decreases, inducing lower open-circuit
voltage. This also suggested that greater output voltage could be achieved if air
gaps smaller than 50 µm between the stator and the high-speed PM rotor could
be maintained. However, trade-offs between performance and stability must be taken
into account, depending on the targeted applications. At very high speeds, the bearing
stability is crucial to avoid severe wobbling of the rotor. In addition, the system will
be more sensitive to external vibrations, which may cause the rotor to crash into the
stator. With larger air gaps, external perturbations will have less of an effect on the
system.
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Figure 3-24: Open-circuit voltage per unit speed as a function of the air gap for
3-turn/pole generators using: (a) SmCo and, (c) NdFeB rotors. (b) and (d) depict
their respective normalized values.
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Figure 3-25: Open-circuit voltage as a function of the electrical frequency: (a) SmCo,
and (b) NdFeB generators.
Figure 3-25 plots the open-circuit voltage as a function of electrical frequency.
The electrical frequency range increased as the number of poles increases. For low
frequency applications, two-pole machines are desired as they deliver higher open-
circuit voltages.
3.6.2 Power Measurements
By analyzing the open-circuit voltage of the PM generators, one can extract the
estimated three-phase output power at the point of maximum transfer using Eq. (3.22)
and Eq. (3.23). As defined by Thevenin’s theorem, the maximum power transfer
occurs for:
Rload = Rsource = Rw + 2×Rpin + 2× Rc (3.22)
Rload is the external load resistance, Rsource is the coil resistance and includes the
winding resistance Rw , the package resistance Rpin , and the resistance of the alu-
minum wire connections Rc . As a result, the 3-phase output power can be calculated
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Figure 3-26: Single-phase output power delivered by the 4-6, NdFeB generator as a
function of the load resistance for various rotational speeds.
using Eq. (3.23).
Pe =
3
4
× V
2
oc
(Rw + 2×Rpin + 2× Rc)
(3.23)
P e is the output electrical power, and V oc is the RMS open-circuit voltage. The
factor 3 comes from the three phases, and the coefficient 1/4 assumes matched load
conditions.
Various load resistances were connected to one phase of the machines to demon-
strate AC power generation. The RMS voltage was measured across the resistance,
and used to calculate the electrical power. Figure 3-26 plots the single-phase output
power from the 4-6, NdFeB generator, measured across a variety of loads for sev-
eral rotational speeds. The lines indicates the theoretical output power calculated
using Eq. (2.7). As expected, the output power was maximized under matched load
conditions (Rsource = Rload ∼ 1.8 Ω).
Consequently, the single-phase output power delivered by the 4-6, NdFeB genera-
tor was measured as a function of rotational speed, across a resistive load. As shown
in Figure 3-27, these machines generated a maximum single-phase output power of
2.2 mW at a measured rotational speed of 392,000 rpm across a resistive load of 1.8 Ω.
This corresponded to a three-phase output power of 6.6 mW. The dots represented the
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Figure 3-27: Single-phase output power delivered by the 4-6, NdFeB generator as a
function of speed across a resistive load.
measured single-phase power, and the line indicated calculated data from Eq. (3.23).
Note that the calculated data underestimated the direct power measurements by ap-
proximately 10%. This discrepancy was attributed to a potential variation in the
stator-rotor gap during various experiments.
The three-phase output power generated by the various generators as a function of
the rotor speed is plotted in Figure 3-28. The load voltages were measured across the
respective matched loads. These results clearly confirmed that design choices, such as
the numbers of magnetic poles and turns per pole, were critical for the performance
of miniature PM generators.
Across a resistive load, 2-mm-diameter, four-pole, six-turn/pole, NdFeB microgen-
erators demonstrated a maximum output power of 6.6 mW at a rotational speed of
392,000 rpm. For an active volume of 3.4 mm3 (thickness = 1.08 mm, OD = 2 mm),
the corresponding power density was about 1.95 W.cm−3. The air turbine perfor-
mance limited characterization at higher speeds, but a projected output power of
40 mW could be achieved at 1 Mrpm, neglecting potential losses in the stator coils
such as eddy currents, and heat-related degradation.
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Figure 3-28: Three-phase electrical power as a function of the rotor speed for (a)
SmCo, and (b) NdFeB 2-mm-diameter microgenerators.
3.7 Polymer-Based Microfluidic-Electric Packages
The use of an external air-driven spindle proved to be very practical for the per-
formance characterization of our PM microgenerators. As an ongoing effort to-
wards higher levels of system integration, we developed a microfluidic-electric pack-
age for micro-power generation that included an ultraminiaturized PM generator
and polymer-based turbomachinery. The miniaturization and fabrication of fully-
integrated microsystems capable of converting an external source of energy (e.g. from
high-pressure sources or small-scale combustion engines) into an electrical energy is
challenging.
Compact, air-driven, standalone-type generators require high mechanical strength
to sustain high-pressure flows, and precision machining to assemble and align each
element. To achieve these structures, relatively complex fabrication techniques such
as etching and stacking silicon wafers, and selective laser micromachining of polymer
sheets followed by lamination, have been investigated. In spite of the fabrication
challenges, several successful approaches have been demonstrated. Steyn et al. have
fabricated a MEMS electroquasistatic induction turbine-generator, and demonstrated
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Figure 3-29: Schematics of the microfluidic-electric package: (a) 3-D cross view, (b)
3-D view.
a maximum output power of 192 µW under driven excitation [22]. Holmes et al. have
integrated a 7.5-mm-diameter PM generator, an axial-flow polymer turbine, and a
silicon-based package, and achieved an output power of 1.1 mW at a rotational speed
of 30,000 rpm, which corresponded to an input flow-rate of 35 L/min, and a pressure
of 0.8 kPa [26, 27]. Arnold et al. have presented a 55 cm3, self-contained, flow-
powered microgenerator system for watt-level applications [39]. Despite relatively
large electrical power output, the size and weight of this latest device are major
drawbacks for applications that require small footprint and light weight.
3.7.1 Package Design
The packaged system combined fluidic, mechanical, magnetic, and electrical function-
alities. It first converted stored energy from a source of compressed gas into mechani-
cal energy via a radial-flow turbine. This energy was next transformed into electrical
energy through one of the 2-mm-diameter, microfabricated, axial-flow PM generators
that we fabricated. A three-dimensional rendering of the microfluidic-electric package
is presented in Figure 3-29.
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Figure 3-30: Rendering of the microfluidic system (top-view).
The microfluidic-electric package requires precise machining tolerances, and high
mechanical stability to maintain an air gap on the order of 100 µm between the high-
speed magnetic rotor, and the stator. Moreover, the package must withstand high
input pressures, and direct the gas flow towards the turbine blades. To deliver high
power densities, and high power-to-weight ratio, the device must be compact, and
light. In addition, the device will greatly benefit from high rotational speeds beyond
100,000 rpm, and low package resistance.
As the rotor measured 2 mm in diameter, high-speed ball bearings that have
comparable dimensions were selected. The fluidic housing was scaled around the
size of the silicon stator die, and contained the rotating system. The turbine was
designed based on the diameter of the bearing. In this initial effort, the detailed
shapes and dimensions of the blades, as well as the fluidic channels were not optimized
for efficiency. Instead, with an eye toward future mass-manufacturing, the turbine
was reduced to six straight blades that span 60◦, as presented in Figure 3-30. The
inlet, and outlet ports were aligned with each other, and faced the outer part of the
turbine blades to increase the torque of the rotor. A miniature, off-the-shelf, ball
bearing set (SSRI418Z5MCM5, National Precision Bearing, Inc.) was utilized for
stability at high rotational speeds and long-term operation.
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3.7.2 Fabrication and Assembly
The housing, along with the turbine, and its integrated magnetic rotor were fabricated
by stereolithography (SLA) [61]. This fabrication technique consisted of selectively
curing a liquid resin with a laser beam via a specific 3-D computer-aided-design
(CAD) pattern, in order to build 3-D polymer structures. The laser used for the
epoxy resin exposure was a 354.7-nm solid state Nd:YVO4 source (Viper Si2, 3D
Systems). SLA is commonly used for rapid prototyping, and is compatible with
subsequent micromolding for mass production at reduced cost. SLA processes have
certain advantages over conventional micromachining such as large structure height,
ability to fabricate integrated microfluidic channels, or complex 3-D structures with
features on the sidewalls, at the expense of the precision achievable with conventional
micromachining. The x- and y- resolution of the SLA machine used to fabricate the
package was 100 µm. Although the SLA process is serial in nature, the subsequent
use of micromolding can overcome this limitation. Furthermore, judicious choice of
the polymer for the package enables overall light weight, yet sufficient robustness
to withstand high input pressures. The mass density of the epoxy-acrylate polymer
material used in this work was 1.23 g/cm3 (SL 5510, Cibatool) [62, 63].
An exploded view of the fabricated machine and package is shown in Figure 3-31.
The stator pads were wire-bonded onto pressed magnet wires that were attached to
the SLA backplate, and in turn brought out to external electrical connections. The
miniaturized stator was a four-pole, three-turn/pole device. The assembly process
was as follows:
1. The magnetics were inserted into the rotor housing, which is integrated at the
bottom of the polymer turbine.
2. The set of ball bearings was press-fit into the back of the fluidic housing.
3. The rotor assembly was placed inside the fluidic package, and and adhesively
bonded to the inner surface of the bearing.
4. The final three elements (i.e., stator backplate, fluidic housing, and top cover)
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Figure 3-31: View of the power generation system before assembly.
were assembled by inserting alignment posts from one element into complemen-
tary recesses in the facing element. Both posts, and recesses were formed during
the package fabrication process.
The alignment, and the air gap were set in this manner without any additional pre-
cautions. The assembled system is shown in Figure 3-32.
The main dimensions of the air-driven magnetic power generation system are
summarized in Table 3.6. The system had an overall volume of 1.1 cm3, and a weight
of 1.5 g. The encapsulated ultraminiaturized PM generator accounted for 10% of the
total volume of the system.
3.7.3 Experimental Results
3.7.3.1 Fluidic Characterization
To test the fluidic characteristics of the microfluidic system, the rotational speed
of the 2-mm-diameter rotor was measured as a function of the input pressure. For
comparison, the performance of a commercial turbine, (HNG-100H, Handpiece Parts
and Products, Inc.), which was used to test the generators (see Section 2.5.2), was
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Figure 3-32: View of the assembled microfluidic-electric package.
Magnetic generator
Diameter 2.00
Air gap 0.10
Total height 1.60
Die size 8.50
Turbine
Diameter 6.35
Height 2.60
Bearing
Outer diameter 6.35
Inner diameter 3.10
Height 2.35
Housing
Width 10.60
Length 10.60
Height 9.86
Table 3.6: Dimensions of the air-driven magnetic power generation system (in mm).
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Figure 3-33: Commercial and fabricated turbine packages. The inset shows the fab-
ricated turbine.
also tested as a function of the input pressure. This commercial turbine, shown in
Figure 3-33, used a set of two ball bearings similar to the one implemented in the
multi-functional package. The size of the commercial turbine, packaged in a cylinder
of a diameter of 8.6 mm, and a height of 9.6 mm, was larger than the system turbine-
bearing reported in Table 3.6.
The fluidic results are represented in Figure 3-34. The pressure required to start
the turbine was approximately 25 kPa, and was higher than the minimum pressure
at which the machine operates steadily. In practice, the pressure was first increased
above 25 kPa, and then decreased to measure the rotational speed of the turbine
below the starting threshold. For pressures beyond 80 kPa, instabilities occurred in
the rotating system, which caused the rotor to crash on the stator.
The pressure-speed curves of the two turbines compared favorably over the range
0-200 krpm. While higher rotational speeds than 200 krpm were achievable with
the off-the-shelf turbine, its starting pressure, which was around 53 kPa, was higher
than that of the combined package. In addition, a slightly higher input pressure was
required to spin the rotor at the same operating speed, confirming the appropriate
design of the fluidic package.
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Figure 3-34: Rotor speed as a function of input pressure for microfluidic-electric
package, and commercial turbine.
3.7.3.2 Electrical Performance
First, the resistance of the winding phases of the microfluidic-electric package was
determined using an impedance analyzer. For power devices, packaging resistances
must be low compared to the device resistance. This is further exacerbated by the low
output voltage generated by these systems. As plotted in Figure 3-35, the winding
resistance of the microfluidic-electric package was approximately 25% lower than that
of a conventionally-packaged device. This improvement can mainly be attributed to
shorter connections.
The open-circuit voltages induced by the multi-pole spinning rotor in the three
phases of the stator windings are shown in Figure 3-36. Such symmetric and sinusoidal
waveforms indicated that the rotor and stator were accurately aligned, suggesting that
the precision of SLA fabrication techniques were sufficient for this application. At a
rotational speed of 92 krpm, the device exhibited a single-phase open-circuit voltage
of 30 mVpk−pk (= 10.6 mVrms).
The single-phase RMS voltage delivered by the microfluidic-electric package was
then measured as a function of rotational speed and electrical frequency, as shown
in Figure 3-37. Both the open-circuit voltage (Voc), and the load voltage (Vload)
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Figure 3-36: Open-circuit voltage waveforms of the three phases of the PM generator
at a rotational speed of 92,000 rpm.
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measured across a resistive load of approximately 0.6 Ω, are plotted.
The open-circuit voltage generated by the microfluidic-electric package was com-
pared to the open-circuit voltages measured as a function of the air gap from a
similar four-pole, three-turn/pole, NdFeB microgenerator (see Figure 3-22(b)). This
comparison confirmed that the air gap between the rotor and stator in the package
was approximately 100 µm, as expected by the 3-D design. When powered by an
85 kPa pressure source, the rotor spun at 203,000 rpm, and the machine generated
an open-circuit voltage of 25.5 mVrms per phase. The single-phase RMS load voltage
measured across a matched load resistance was used to calculate the RMS output
power. The data are plotted as a function of the rotor speed and electrical frequency
in Figure 3-38.
Therefore, the three-phase microgenerator exhibited a total output power of three
times the one measured across a single phase. Hence, 0.8 mW of average electrical
power was achieved at a rotational speed of 203,000 rpm, which corresponded to a
power-to-weight ratio of 0.5 mW/g, and a power density of 0.7 mW/cm3.
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electrical frequency.
3.8 Performance & Scaling of Microgenerators
Direct comparisons of differing microgenerators were often ambiguous, as many of
these devices did not operate at their respective maximum speed. Therefore, Arnold
introduced an additional measurement unit, defined as normalized power density
(W/cm3.rpm2) [20]. This measure, described as a gauge of the electro-mechanical
coupling and an indicator of the relative quality of the machines, was relevant to
compare devices with equivalent sizes [27, 28, 35, 43].
However, fabrication and integration constraints are much greater as the dimen-
sions of the machines decrease, which results in design trade-offs, and subsequent
power density decrease. In addition, this measure did not account for a critical pa-
rameter, which is the ability of smaller PM rotors to mechanically sustain much
higher rotational speeds (due to lower stress levels at corresponding angular veloci-
ties). Hence, we converted the demonstrated rotational speeds into their respective
tip speeds. The microgenerators were then categorized using a second additional
measure, which was defined as a second normalized power density (W/cm3.(cm/s)2).
The machine characteristics, experimental results, and gauges of comparison are re-
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Reference
OD T Speed Power Volume Tip speed
(mm) (mm) (krpm) (W) (cm3) (cm/s)
Holmes [27] 7.0 1.6 30 0.0011 0.062 1099.6
Pan [32] 5.0 2.0 2.2 0.0004 0.039 58.6
Raisigel [28] 8.0 0.6 380 5 0.030 15917.4
Arnold [35] 9.5 2.3 120 1.3 0.160 5969.0
10-mm generator 10.0 2.3 305 8 0.062 15969.8
2-mm generator 2.0 1.1 390 0.0066 0.0034 4084.1
Table 3.7: Characteristics and experimental results of microfabricated PM generators.
Reference Power density
Normalized Normalized
Power density #1 Power density #2
(W/cm3) (pW/cm3.rpm2) (nW/cm3.(cm/s)2)
Holmes [27] 0.0179 19.8 14.8
Pan [32] 0.0105 2092.2 3052.6
Raisigel [28] 165.8 1148.1 654.3
Arnold [35] 8.0 553.8 223.8
10-mm generator 44.3 476.1 173.7
2-mm generator 1.9 12.8 116.6
Table 3.8: Elements of comparison of microfabricated PM generators.
ported in Table 3.7, and Table 3.8. Figure 3-39 shows a plot of the second normalized
power density as a function of machine volume. The ultraminiaturized PM generators
featured comparable performance, while exhibiting much smaller volumes, validating
the design quality of the machines.
3.9 Conclusions on Miniaturization of
PM Microgenerators
In this chapter, we investigated the miniaturization of PM microgenerators for low
power applications, and developed a polymer-based microfluidic package for rotary
power generators. By implementing the performance of microgenerators presented
in Chapter 2 into equations of scale reduction, a 5x miniaturization was achieved to
generate milliwatt-level output power.
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Figure 3-39: Normalized power density (W/cm3.(cm/s)2) as a function of machine
volumes for microfabricated PM generators. The generators resulting from this work
are represented in red.
Ultraminiaturized, axial-flux, synchronous, PM generators were designed, and fab-
ricated by combining microfabrication techniques, and laser micromachining. Diverse
designs were tested with various magnetic poles, and turns per pole. In addition,
both NdFeB and SmCo permanent magnets were utilized. Magnetic simulations of
2-mm-diameter, multi-pole PM rotors were carried out using finite element analy-
sis. Laser-machining-induced degradation of the magnetic performance of small-scale
magnets was investigated. The characterization consisted of magnetically scanning
the entire magnets using a Hall-effect sensor.
The experimental setup was constituted of an off-the-shelf, air-driven turbine to
spin the magnetic rotors at high speeds, and an x-y-z micropositioner to locate the
stator at several tens of microns below the rotor. The electrical performances of
the machines were recorded, and milliwatt-level power output was achieved at high
rotational speeds.
The experimental characterizations suggested that a higher number of magnetic
poles resulted in a higher degradation of the magnetic performance of the small-
scale permanent magnets. Consequently, a low number of poles should be favored
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when designing ultra-miniaturized PM generators. The open-circuit voltage of the
machines increased linearly with the number of turns. Even though the coil resistance
did not have a linear relationship with the number of turns per pole due to smaller
cross-sectional areas, it was still advantageous to maximize the number of turns in a
given volume. Therefore, we demonstrated that design choices were critical for the
performance of miniature generators.
While maintaining a comparable level of power density with other MEMS-based
PM generators reported in the literature, we were able to further downscale these
generators, and investigate the limitations of miniaturization.
Finally, such microgenerators were integrated with polymer-based fluidic packages.
They consisted of a polymer turbine supported by miniature ball bearings, and fluidic
channels. The package was fabricated using a stereolithography apparatus. The total
volume of the device was approximately 1.1 cm3. The engineered turbine system
demonstrated comparable performance with commercially-available turbines in a 0-
200 krpm range of rotational speeds. Furthermore, the microfluidic package sustained
input pressures of up to 85 kPa, while maintaining a 100 µm air gap between the high-
speed rotor, and the electrical stator. These results confirmed the proper design of
the microfluidic-electric package.
Future improvements related to ultraminiaturized PM microgenerators will mainly
be focused on modifying the stator design, and optimizing the thicknesses of the
magnetics. Higher power densities will be achieved by:
• Maximizing the amount of copper coils within the same volume, as a result of
which the output power will increase.
• Integrating magnetic laminated stator cores. The addition of a stator back
iron would decrease the overall magnetic reluctance of the magnetic machine,
which in turn would increase the output voltage of the device. An appropri-
ate design of the laminations will decrease the generation of eddy currents in
the stator back iron, and increase the efficiency of the mechanical-to-electrical
energy conversion.
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• Reducing the thickness of the magnetic rotor back iron. The finite element
analysis of 2-mm-diameter PM rotors demonstrated that the rotor back iron
did not saturate through its entire thickness, indicating that a thinner material
would be as suitable.
Future work on the microfluidic-electric packages will also be related to obtaining
higher power densities. Several approaches should be considered.
• The optimization of the turbomachinery design should enable higher rotational
speeds, and a smaller air gap between the spinning rotor, and the stator.
• The optimization of the PM generator design, and/or the fluidic system ge-
ometry in order to increase the percentage of space occupied by the electrical
generator within the package would result in a more efficient packaging.
CHAPTER 4
TOWARDS MICROENGINE
INTEGRATION
There has been much work in the development of microscale mechanical-to-electrical
converters as potential components of centimeter-scale, heat-engine-driven electrical
power sources for portable electronics. In this chapter, we present an investigation
of two critical steps towards the fabrication and implementation of such gas-turbine
microgenerators operating at high temperatures.
• First, the design, fabrication and characterization of an air-driven, gas-bearing-
supported, silicon-based, turbine generator are detailed. This device, which re-
sulted from a close collaboration with a research team at MIT, was a significant
advancement towards developing an electrical generator that could be directly
integrated into a gas-turbine microengine. While the MIT group mainly carried
out the fabrication of the silicon microturbine supported by gas bearings, we
fabricated a compatible version of PM microgenerators. Due to severe inte-
gration constraints, many innovative design choices and fabrication approaches
were implemented to successfully assemble the microturbine and the PM mi-
crogenerator. As a result, independent tests were conducted with silicon-based,
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gas-bearing-compatible microgenerators, and are featured in this chapter. The
stator windings were optimized given the space constraints, and experimen-
tally compared with previously designed devices. The addition of laminated
magnetic stator back iron was also investigated. Finally, the fully-integrated,
gas-bearing-supported, turbine microgenerator was tested.
• Secondly, the electrical performance of PM microgenerators at high temper-
atures is discussed. Due to the compactness of integrated microengines, the
generators must function (i.e., deliver a usable level of output power) in the rel-
atively high-temperature environment adjacent to the heat engine. While many
of the microscale generators reported in the literature are ultimately intended
for integration with heat engines, this was the first experimental analysis of
temperature-dependent performances of these systems.
4.1 Silicon-Based, Gas-Bearing-Supported, Power
Generators
In collaboration with B. C. Yen, Pr. Z. S. Spakovszky, and Pr. J. H. Lang at MIT,
we designed and fabricated an air-driven, silicon-based microgenerator supported by
gas bearings. The fully-integrated devices reported thus far in the literature, as well
as in this thesis, were not silicon-based, and did not utilize gas bearings, two fea-
tures that potentially facilitate integration with the high-temperature, high-pressure
gas-turbine developed at MIT. The objective of this work was to integrate the mag-
netic generators developed at Ga Tech [34, 35, 43], with the silicon microturbines
from MIT [2]. The design, modeling, fabrication, and operation of the gas bearings
were thoroughly detailed in [64]. In this section, the challenges associated with the
integration of a microfabricated electrical generator with a gas-bearing supported
microturbine are detailed. Alternative approaches to assemble the magnetics and
the windings with a silicon package that presents severe topographies, and high tol-
erance requirements were utilized, and are detailed in Section 4.1.2. Silicon-based,
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gas-bearing-compatible devices were first tested using a conventional air-driven spin-
dle, which allowed the experimental validation of winding design modifications, as
well as the potential integration of a laminated magnetic stator core. Finally, the
fabrication of the fully-integrated turbine generators, and experimental results are
presented.
4.1.1 Turbogenerator Overview: Concept and Design
The silicon-based turbogenerator was a gas-bearing-supported PM turbine generator.
Gas-bearing-supported microturbines have demonstrated ultra-high-speed operation
(beyond 1 Mrpm) [4]. As a result, it would be very beneficial to combine such high
rotational speeds with an electrical microgenerator to obtain high power densities.
Besides higher rotor speeds, other advantages over simpler designs using ball bearings
were lifetime, and stability of operation [15–17]. As shown in Figure 4-1, the device
consisted of a free-standing silicon magnetic rotor and an electrical stator. The rotor
was supported by a gas journal bearing in the radial direction, and gas thrust bearings
in the axial direction. The air bearings and seals provided axial and radial stiffness.
In operation, the rotor levitated by adjusting the pressures of the aft, and forward
thrust bearings. The differential of pressure in the journal bearings was monitored to
stabilize the rotor in the radial direction. Finally, turbine air was added to accelerate
the rotor, and high-speed operation was achieved in a supercritical mode (i.e., above
the rotor natural frequency). This description of gas-bearing-supported microturbine
operation is greatly simplified, but gives a better understanding of the different ele-
ments presented in Figure 4-1. Figure 4-2 is a cut-away three-dimensional rendering
of the turbogenerator. Note that the non-silicon components are not depicted for ease
of viewing.
The device was fabricated from seven silicon wafers; with the first five fusion-
bonded to form the upper die, and the remaining two fusion-bonded to form the
bottom die. The electrical microgenerator was a three-phase, eight-pole, axial-flux,
synchronous device.
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Figure 4-1: Cross-sectional schematics of the fully-integrated PM turbine generator.
The device was constructed on a seven-wafer silicon stack. (courtesy of B. C. Yen [64]).
Figure 4-2: Cut-away 3-D rendering of the fully-integrated turbogenerator. Note that
the non-silicon components are not depicted for ease of viewing. (courtesy of B. C.
Yen [64]).
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4.1.2 Integration Challenges
The concept of combining high-speed microturbines, and high-power-density electri-
cal microgenerators is very promising. Moreover, it has been mentioned since the
start of the microengine projects over the world. However, it has yet to be fabri-
cated [7, 13, 65, 66]. The major difficulty in achieving full integration is probably the
divergence in fabrication approaches, and inconsistencies in requirements between a
silicon structure, and the magnetic and winding components. This section introduces
some of these issues, which will later be discussed in more details in the context of
fabrication, and experimental characterization.
1. The fabrication of gas-bearing, silicon-based microsystems was a complex chal-
lenge by itself. The gas bearings required internal channels, supporting features,
and micron-size precision machining. These devices were built using a stack of
multiple fusion-bonded silicon wafers. As a consequence, the fabrication of
a single die required a significant number of photolithography steps. Critical
high-aspect-ratio features were etched separately using well-characterized DRIE
equipment in order to maintain high tolerances. For example, the vertical air
gap between the top surface of the aft thrust bearing and the bottom surface
of the spinning rotor was about 3 µm; the journal bearing clearance, which is
the radial gap between the outer edge of the rotor and the stator sidewall, was
on the order of 30 µm.
2. The high-speed operation of a silicon rotor was also non-trivial. The system
required high pressures to maintain vertical and radial alignments. Moreover,
any system instabilities or contamination would have resulted in destructive
failures. One of the major challenges encountered during the operation of the
device was the ability to transition from subcritical to supercritical when accel-
erating to high speeds. This will be briefly introduced in the section related to
the experimental characterization of fully-integrated devices. More details can
be found in [64].
136 4. Towards Microengine Integration
3. The high-speed operation of a magnetic rotor was a unique challenge. The in-
tegration of magnetic components increased the total weight of the rotor, and
modified its mass distribution, thus its center of mass. Consequently, the ro-
tor eccentricity (or imbalance), defined as the distance between its geometric
center and its center of mass, increased. If the imbalance was too high (a few
µm), the rotor was not able to cross its natural frequency, thus spinning at high
speeds in a supercritical mode. Consequently, precision machining, geometri-
cal characterization, and well-defined integration process of ferromagnetic and
permanent-magnet materials were established.
4. To avoid cross-contamination, most of the DRIE tools do not allow wafers with
metal and epoxy structures. Therefore, the winding fabrication had to occur
after completion of the silicon stator, which included through-wafer plena, and
fragile high-aspect-ratio silicon seals, making the use of conventional micro-
fabrication techniques a real challenge. Consequently, alternative fabrication
approaches of multi-layer micro-coils had to be investigated.
5. Because the gas-bearing-supported rotor must be enclosed in a pressurized envi-
ronment, tall silicon structures seal the volume around the electrical microgener-
ator. As a result, the only possibility to electrically connect the stator windings
to the outside world is to fabricate through-wafer electrical feeds. This issue
adds significant challenges when designing the stator windings.
The PM microgenerators reported by Arnold et al. [35], and the optimized con-
figuration featured in Chapter 2 proved that such devices had the potential for high
power densities. However, the materials used for the fabrication of these microsystems
were not fully compatible with a silicon-based microengine. As a result, gas-bearing-
compatible microgenerators were designed.
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4.1.3 Drop-in Windings Technology
4.1.3.1 Integrating Metal Microstructures into Non-Planar Surfaces
The integration of three-dimensional, multi-layer, electrodeposited metal structures
into high-aspect-ratio cavities was challenging primarily due to the difficulties asso-
ciated with forming reasonably thick, precisely patterned molds at the bottom of
such cavities. Although some success was achieved using ultra-thick spin-coated pho-
toresists [67], spray coating [60,68], or electrodeposited resists [69], these approaches
suffer from resolution and aspect-ratio limitations, due to the proximity effect of pho-
tolithography. Coherent light exposure of conformal, vapor-deposited resists could
potentially overcome current limitations. A first technique was investigated, and in-
volved the chemical vapor deposition of a polymer inside recesses, followed by laser
micro-ablation to form electroplating molds. This technology demonstrated great
process capabilities, as detailed in Appendix A. However, this approach was never
applied to the silicon microturbine device. Consequently, an alternative fabrication
approach was proposed to integrate multi-layer metal microstructures into complex,
three-dimensional devices. More specifically, we developed this technology to inte-
grate three-layer micro-coils into the silicon stator fabricated by MIT.
4.1.3.2 Winding Design
As we briefly introduced in Section 4.1.2, the integration of microfabricated copper
windings with the silicon stator presented several challenges.
1. The silicon structure was a complex device that included high-aspect-ratio seals,
deep microchannels, as well as through-substrate features. Consequently, it
was practically impossible to use conventional microtechnology approaches to
subsequently fabricate electroplating molds for the copper coils. One could
assume that the silicon features could have potentially been etched after the
coils were fabricated. However, DRIE tools are often restricted to samples with
metal and epoxy-based polymers due to cross-contamination issues.
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2. The windings could not interfere with any of the components of the silicon ro-
tating system. Hence, they were fabricated inside a deep recess (∼200-250 µm),
with a radial misalignment below 50 µm. The free-standing rotor, which was
supported by gas bearings, levitated at a vertical distance of 3 µm above the
surface of the silicon aft thrust bearing, and did not tolerate any protrusions
from the microfabricated windings. In addition, the silicon stator and the up-
per die had to be accurately aligned to correctly seal the rotor chamber, where
high pressures were maintained to provide radial and axial stiffness to the rotor
during high-speed operation.
3. Due to integrated seals and channels for the gas bearing operation, through-
wafer electrical vias were required to connect the windings to the outside world,
and measure electrical output power.
To overcome some of these constraints, we decided to fabricate standalone copper
windings, and subsequently integrate them with the silicon stator. Basically, the coils
were microfabricated onto a different substrate. Once this step was completed, the
windings were released from the wafer, and dropped in the stator silicon recess. This
approach presented several advantages, one being that the fabrication processes of the
silicon stator and the coils were independent, which decreased the overall processing
time, and limited the risk of failure. In addition, issues with creating through-wafer
electrical contacts had to be addressed. One solution that we envisioned was to add
long electroplated copper leads laterally protruding out of the windings integral to
the winding fabrication process. Once the coils were released, the copper leads were
manually folded at an angle of 90◦. During integration, the leads were inserted into
dedicated through-wafer trenches in order to protrude from the back of the die.
Unlike the PM microgenerators presented in Chapter 2, the radial dimensions of
this new stator design were dictated by the size of the silicon recess. In contrast, the
previous stator windings featured the following characteristics, which are pointed out
in Figure 4-3.
1. The length of the radial conductors, which capture the magnetic flux, were
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Figure 4-3: Design characteristics of the original stator.
maximized to match the dimensions of the PM rotor.
2. The end-turns, which connect the radial conductors, were designed to achieve
low electrical resistance without constraints on the inner and outer dimensions.
3. The pad-to-winding connections, and overlapping end-turns were not efficiently
designed. It resulted in empty copper regions around the stator windings.
4. The electrical pads were not configured symmetrically, and were purposely over-
sized in order to facilitate the soldering of external wires.
The design objective of this gas-bearing-compatible version was much different,
because the inner, and outer dimensions were fixed by the silicon stator design. There-
fore, the basic coil arrangement of the stator windings was modified in order to max-
imize the amount of copper within the given volume. Figure 4-4 shows renderings
of the original, and optimized stator designs, both of which were compatible with
silicon stator integration. The original stator was based on the design shown in Fig-
ure 4-3, and scaled accordingly to fit in the silicon stator recess. The locations of
the electrical connections were adjusted as well. However, there were no changes to
the winding design itself, such as the gap between the conductors, and the pad-to-
winding configuration. This version was fabricated with the objective of comparing
performance improvements solely due to coil design changes, but did not influence
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any fabrication, and integration choices. The optimized winding scheme presented
several critical changes, as listed below.
1. The photolithography capabilities were exploited closer to their limits. Smaller
interconductor gaps were defined due to higher photoresist aspect ratios. As a
result, the filling factor, defined as the ratio between the volume of electroplated
copper and the volume occupied by the windings, was higher than that of the
previous design.
2. The design of the pad-to-winding area was optimized in order to reduce the
empty regions appearing in Figure 4-4(a), and obtain a larger active area.
3. The length of the radial conductors was increased, inducing a smaller width for
the inner and outer end-turns. This design change had two effects. First, the
overall winding resistance increased, because the cross-sectional area of the end-
turns was smaller, and the overall length of the coil was longer. Secondly, the
radial conductor area, which captures the magnetic flux, subsequently increased.
Consequently, the output voltage, which is proportional to the radial conductor
area, should increase. Despite the resistance increase, this new winding design
should perform better because power is proportional to the square of the voltage,
and inversely proportional to the resistance.
4.1.3.3 Fabrication of Drop-in Windings
The fabrication of drop-in windings was fairly similar to the fabrication of the stan-
dard micro-coils reported in Chapter 2. However, the types of photoresist, as well
as some critical steps differed. Hence, the complete fabrication process flow of the
drop-in windings is detailed in Figure 4-5. The drop-in windings were created using
a three-layer copper electroplating process combined with SU-8 epoxy micromold-
ing. First, a 0.5-µm-thick PECVD SiO2 layer was deposited onto a rigid silicon
substrate (100 mm diameter). A Ti/Cu/Ti seed layer was sputter deposited, and
SU-8 2025 (Microchem, Inc.) was used to pattern the first layer electroplating mold
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Figure 4-4: Renderings of the two gas-bearing-compatible stator windings: (a) The
design presented in Chapter 2 was scaled to be compatible with the gas-bearing
generator. (b) Optimized stator design. Both designs have similar inner and outer
diameters (ID = 5.46 mm, OD = 10.24 mm).
(Figure 4-5(a)). Copper was then electrodeposited at a current density of approxi-
mately 10 mA/cm2. The electrodeposition process was stopped when the copper was
leveled with the top of the mold, in order to obtain as flat a surface as possible (Fig-
ure 4-5(b)). A second layer of SU-8 2025, labeled “Via Layer”, was spin coated and
patterned to open vias between top and bottom copper layers (Figure 4-5(c)). This
layer also acted as an insulation layer. The vias were electroplated (Figure 4-5(d)). A
second Ti/Cu/Ti seed layer was sputter deposited, and the third electroplating mold
was patterned using a negative photoresist (NR2-2000, Futurrex, Inc.) (Figure 4-
5(e)). Copper was again electrodeposited to form the top layer (Figure 4-5(f)). The
photoresist was stripped using a combination of acetone, and O2 plasma RIE. The
SiO2 layer, which was deposited at the very beginning of the process, was then etched
away in a pure solution of hydrofluoric acid to release the three-layer copper coils
from the rigid silicon substrate. The two seed layers were removed using a blue etch
solution to etch copper (NH4OH saturated with CuSO4), and a bath of 1:50 HF:H2O
to etch titanium (Figure 4-5(g)).
Figure 4-6 depicts the two sides of the drop-in windings after release. The front
side exhibited some non-uniform topologies due to the uneven plating of the vias
relative to the SU-8 mold. The SU-8 layer that was remaining in the center region,
and on the outer edges of the windings, was laser-ablated using an Excimer laser
142 4. Towards Microengine Integration
Figure 4-5: Drop-in windings fabrication process flow. The bottom and top copper
layers are between 80 and 100 µm thick, with interconductor gaps of 40 µm. The
insulation layer between the two copper layers is approximately 40 µm thick.
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after release. This step also enabled the release of the stress-relief rings located
around the device. Finally, the six electrical leads were folded at a 90◦ angle, as
shown in Figure 4-7. To achieve the proper bending and orientation, a dedicated jig
was fabricated. Although this process was manual, its implementation was simple,
and the failure rate (i.e., broken leads during folding) was close to 0%.
Several challenges had to be addressed so as to successfully fabricate the drop-in
windings. Thick SU-8 epoxy layers usually had significant built-in stress. It resulted
in the formation of cracks and delaminations, which caused electrical shorts between
layers. The design of stress-relief ring patterns around the devices reduced the stress
issue. In addition, hard-baking steps were performed to enhance the mechanical
strength of the SU-8. Basically, the epoxy was baked on a hotplate at 170◦C for
approximately 20 min, after the photoresist development step. Despite these tech-
niques, severe substrate bending was observed. Therefore, the steps of photoresist
spinning and exposure, which required a vacuum contact between the wafer chuck and
the substrate, were impossible. The substrate was temporarily bonded onto another
wafer to avoid bending, and overcome these practical problems.
The specific fabrication of multiple levels of high-aspect-ratio metal microstruc-
tures also required some special attention. We first attempted to use the exact same
fabrication process that we reported in Chapter 2, where the first metal layer was elec-
troplated through a mold that was then removed. However, once the first metal layer
was built, the subsequent electroplating molds were subjected to bubble formation,
and non-uniformity issues due to the differences in device geometry (Figure 4-4). Such
problems led to failed devices. Consequently, SU-8 was used as a first layer permanent
electroplating mold, and as a permanent structural layer. The main advantage of this
approach was that the fabricated layer was leveled by adjusting the copper plating
time relative to the height of the SU-8 mold. Similarly, SU-8 was also used for the
second layer (“Via” layer). Note that this approach would not have been possible
with the device presented in Chapter 2, because the seed layer deposited prior to the
mold formation could not have been removed. Because current devices were released
from the substrate, the seed layer could be etched at the final step of the process.
144 4. Towards Microengine Integration
(a) (b)
Figure 4-6: Photographs of the drop-in windings after release: (a) Front, and (b)
back sides.
(a) (b)
Figure 4-7: Photographs of the drop-in windings with integrated folded electrical
connections: (a) Full view, and (b) close-up view. The six copper leads were folded
at a 90◦ angle.
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4.1.3.4 Integration with Silicon Stators
Test silicon structures were fabricated in order to ascertain the proper integration
of the drop-windings. Hence, there were no fabricated features for gas-bearing com-
patibility. The radial dimensions of the test structures were similar to the one set
by the fully-integrated design. The only difference was the thickness of the silicon
stator, as the test structures were fabricated from a single wafer, as opposed to the
two fusion-bonded wafers used for the fully-integrated machine.
First, a 250 µm-deep recess was DRIE etched from the front-side. The inner and
outer radii measured 2.55 mm and 5.12 mm, respectively. After removal of the etching
mask, and piranha cleaning, six through-wafer features for electrical connections were
etched on the backside of the wafer. These features were 0.2 mm in width, and
0.7 mm in length. Although they were slightly larger than the copper leads (0.15 mm
and 0.5 mm) in order to facilitate the insertion process, they were intentionally not
oversized to avoid gas leakage in the fully-integrated device. For electrical insulation
between the windings and the silicon stator, a 1-µm dry oxide layer was grown at
1100◦C.
Figure 4-8(a) shows a photograph of a microfabricated silicon stator test structure.
The windings were subsequently dropped into the recess, as depicted in Figure 4-8(b).
Once the proper alignment between the connectors and the silicon was confirmed,
adhesive (super glue, Loctite) was slightly added on the backside of the windings,
and in the through-substrate trenches. Finally, six wires were soldered to the six
copper leads. Epoxy was also applied to strengthen the soldered regions, and relieve
the stress in the copper leads.
Geometrical characterization As we have mentioned previously, the windings
should not protrude above the surface of the silicon die. To determine if there were
any protrusions, white light interferometry measurements were performed, as pre-
sented in Figure 4-9. The results indicated that the windings were located below the
surface throughout the entire area. Furthermore, the copper lead was correctly bent,
and clearly going down via the through-substrate trench, as shown in Figure 4-9(b).
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(a) (b)
Figure 4-8: Photographs of a microfabricated silicon stator test structure (a) prior to
the coil insertion, and (b) with the integrated windings.
These measurements validated the concept of using drop-in windings in order to in-
tegrate multi-layer electroplated micro-coils into three-dimensional microstructures
presenting complex geometries, and severe topographies.
Resistance, and inductance measurements The phase resistance, and induc-
tance of the fabricated coils were measured in the frequency range of interest (1-
100 kHz), using an impedance analyzer. For reference, a rotor speed of 150,000 rpm
corresponded to an electrical frequency of 10 kHz for this eight-pole machine. Ta-
ble 4.1 details the results for a specific stator coil, which exhibited a low discrepancy
between the three phases. Furthermore, the inductance value was negligible, and
the resistance was constant throughout the range of frequencies. Table 4.2 lists the
average resistance, and inductance as a function of the overall coil thickness. The
resistance exhibited a linear dependence with the thickness. The slight discrepancy
was explained by possible under-plating of the first two layers relative to the SU-8
molds for some of the devices. The inductance is considered negligible because the
inductive reactance is small compared to the coil resistance in the frequency range of
operation (1-15 kHz).
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Figure 4-9: Geometrical characterization of the integrated stator using white light
interferometry. The windings are located below the silicon stator surface.
Phase
Resistance (mΩ) Inductance (µH)
1 kHz 10 kHz 100 kHz 1 kHz 10 kHz 100 kHz
A 372 370 371 0.18 0.18 0.18
B 374 373 373 0.20 0.19 0.20
C 371 373 372 0.19 0.19 0.18
Table 4.1: Measured phase resistance, and inductance of a specific stator coil in the
frequency range of interest (1-100 kHz).
Stator Average thickness Average resistance Average inductance
Label (µm) (mΩ) (µH)
B-1 170 319 X
B-9 150 372 0.19
B-15 120 443 X
C-32 100 536 X
Table 4.2: Average measured phase resistance, and phase inductance for several fab-
ricated windings having different thicknesses. The measurements were recorded at
10 kHz.
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4.1.4 Non-Magnetic & Magnetic Stators
In addition, the fabrication of a laminated magnetic stator core was investigated.
Hence, two types of silicon stators were designed. The first one was illustrated previ-
ously, and did not have a magnetic stator back iron. The second one was laminated
by creating through-wafer circular trenches in the silicon wafer, and a ferromagnetic
material, such as permalloy, was subsequently electroplated in these trenches. The
silicon lamination rings were mechanically held by five radial silicon spokes of a width
of 50 µm. The addition of a solid stator core greatly increases the magnetic flux in
the machine, but it also generates more eddy current losses as the electrical con-
ductivity of magnetic materials is much higher than that of a standard P-type silicon
substrate. Eddy currents are generated when a large area of conductive ferromagnetic
material is placed in proximity to a time-varying magnetic flux. The generation of
circular currents results in the creation of an opposite magnetic field, which in turn
reduces the effective volume of the magnetic material contributing to the increase in
magnetic flux density. Consequently, the magnetic material must be laminated in
order to decrease eddy current losses. At large scales, magnetic lamination schemes
are done by alternating sheets of magnetic, and non-conductive materials. As for
microfabricated generators, the integration of vertically-laminated magnetic cores in
silicon was considered [5, 70].
Figure 4-10 shows a three-dimensional conceptual rendering of a laminated mag-
netic stator. For ease of viewing, the winding area was partially cleared, and the
dimensions of the laminations were deliberately increased. The fabrication process
was demonstrated in [71] for through-wafer vias, and applied to a silicon-based lami-
nation scheme in [70]. As depicted in Figure 4-11(b-c), the oxidized silicon structure
was used as the plating mold, and the magnetic material was electrodeposited from
a temporarily bonded seed wafer using a bottom-up approach. The electrodeposition
bath of Ni80Fe20 is detailed in Table 4.3. Permalloy was selected for its high relative
permeability (∼ 800), and high saturation flux density (∼ 1 T) [72]. A selective pat-
terning of the positive photoresist (S1827, Shipley) was performed in order to prevent
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Figure 4-10: Three-dimensional conceptual rendering of a magnetic stator. The di-
mensions of the laminations were increased for better clarity.
Chemical component Value (g/L)
Nickel sulfate (NiSO46H2O) 200
Ferrous sulfate FeSO47H2O 8
Nickel chloride NiCl26H2O 5
Boric acid H3BO3 25
Saccharin C7H5NO3S 3
Table 4.3: Chemical composition of a permalloy electrodeposition bath [49].
electrodeposition of material inside the through-wafer electrical slots. The device was
released by under-etching the copper seed layer using an ammonium hydroxide solu-
tion saturated with copper sulfate (see Table 2.4). Although this was a slow process,
the copper etching solution presented the advantage of being selective to permalloy.
A post-process etching step was usually performed to remove any unwanted plated
permalloy using a particular nickel-iron etchant (Nickel etchant type 1, Transene).
Finally, the windings were inserted into the silicon stator, as shown in Figure 4-11(e).
Two parameters were considered when designing vertically-laminated magnetic
cores in silicon because the volume of the stator core was limited by the design of the
windings, and the PM rotor. First, the width of the magnetic laminations should be
on the order of the skin depth of the magnetic material. The skin depth δm is given
by:
150 4. Towards Microengine Integration
Figure 4-11: Fabrication process flow of vertically-laminated permalloy core in silicon.
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δm =
1√
pi.µm.σm.f
(4.1)
where σm and µm are the conductivity and the permeability of the magnetic
material, and f is the operating electrical frequency. The resistivity of the permalloy
was assumed to be 15 µΩ.cm [5], and the operating frequency was about 20 kHz,
which corresponded to a rotor speed of approximately 300,000 rpm for an eight-pole
machine.
Secondly, the width of the silicon vertical spacers must be as small as allowed
by fabrication limitations. Hence, the total volume of magnetic material can be
maximized within the given volume.
These considerations resulted in the design of 18 magnetic laminations, 75 µm in
width, and 50 µm-wide silicon spacers. The height of the stator back iron was set by
the depth of the winding recess and the thickness of the silicon wafers. Typically, the
test structures were fabricated using 600-µm-thick silicon wafers. From the front-side,
250 µm deep cavities were etched for the coil insertion. The laminations were then
etched from the backside of the silicon wafer, and were consequently about 350 µm
in height. However, the permalloy electrodeposition was stopped after 300 µm of
plating, to avoid protrusions and electrical shorts with the windings.
4.1.5 Silicon-Based Magnetic Rotor
The silicon-based magnetic rotor was another perfect illustration of the challenges
faced in achieving a fully-integrated, silicon-based PM generator. The imbalance
of a rotor is defined as the distance between the geometric center, and the center
of mass. To operate supercritically, gas bearings do not tolerate an imbalance above
5 µm [64]. As a result, high-precision fabrication techniques must be used to construct
the silicon magnetic rotor. Silicon features defined using a well-characterized DRIE
tool exhibit minimal imbalance. However, the laser machining of thick PM material
was not as accurate. As a reference, the beam size of the IR laser was about 80 µm.
Consequently, it was nearly impossible to achieve micron-size resolution with this
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equipment. In addition, the assembly of the magnetics inside the silicon frame was
manual, which greatly increased the alignment errors. The following protocol was
utilized to overcome the above-mentioned fabrication incompatibilities, and additional
details will be given in the following sections.
1. The laser machining technique was fully characterized in order to increase re-
peatability.
2. Unlike the magnetic rotor presented in Chapter 2 that used a back iron annulus,
and a magnetically patterned PM ring (see Figure 4-12(a)), the silicon magnetic
rotor was assembled using eight pie pieces for each of the magnetics. Figure 4-
12(b) illustrates the current configuration. The PM material, the permalloy
back iron, and the silicon frame were represented in blue, yellow, and red, re-
spectively. The “pie-piece” arrangement resulted in the least theoretical rotor
imbalance, which was a critical parameter for gas bearings. Detailed structural
analysis and stress-related modeling of the different configurations can be found
in [64]. Intuitively, the use of discrete pieces was obviously more beneficial, be-
cause one piece could potentially compensate the mass distribution error caused
by another one. On the other hand, if a ring was not perfectly circular, its center
of mass would not have matched its geometrical center, causing an irreversible
large imbalance.
3. Each fabricated magnetic piece was geometrically measured, and its weight was
also recorded.
4. The locations of the eight pieces were determined prior to insertion in order to
minimize the imbalance. Basically, the pieces were not considered as a single
element. Instead, two pieces having the same weight would form one pair, and
would be placed in diametrically opposite silicon slots.
5. The magnetic pieces were glued down inside the silicon cavity. The PM pieces
were staggered 22.5◦ from the back iron pieces to establish a continuous mag-
netic circuit, as depicted in Figure 4-13.
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(a) Ring configuration (b) Pie piece configuration
Figure 4-12: Schematics of (a) full-annulus, and (b) pie-annulus rotor configurations.
The PM material, the permalloy back iron, and the silicon frame were represented in
blue, yellow, and red, respectively.
6. In each slot, the outer edge of the magnetic pieces were pushed against the
silicon frame.
The silicon frame of the magnetic rotor was fabricated by B. C. Yen at the MIT
facilities. It consisted of three fusion-bonded silicon wafers, 12 mm in diameter and
1.28 mm thick. 300-µm-high rotor blades, and a 600-µm-deep annular cavity for
the location of the magnetics were DRIE etched. The cavity had an inner radius of
2.5 mm, and an outer radius of 5.0 mm. Silicon locators were defined in the cavity so
that the integration of the magnetics would be facilitated. As mentioned previously, a
drop-in approach was also applied for the integration of the magnetics, and is detailed
in the next section.
4.1.5.1 Microfabrication of the Magnetics
Eight 50-µm-thick Ni80Fe20 pieces were electroplated on a different substrate, and
then released, and cleaned. One sample is shown in Figure 4-14(a). Eight PM pieces
were cut using IR laser micromachining from a 500-µm-thick sheet of NdFeB mate-
rial, as depicted in Figure 4-14(b). The laser process parameters were reported in
Section 3.4 (Table 3.2). Note that the laser machining of SmCo samples was also
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Figure 4-13: Staggered configuration of the rotor magnetics. The PM pieces were
staggered 22.5◦ from the back iron pieces to establish a continuous magnetic path.
(a) (b)
Figure 4-14: SEM micrographs of microfabricated magnetics: (a) Electroplated
Ni80Fe20 back iron piece, and (b) Laser-machined PM piece.
successful, but the magnets were not utilized due to lower magnetic properties and
mechanical strength [45, 46]. Using the considerations resulting from the analysis
of laser-machined magnets performed in Section 3.4.2, NdFeB and SmCo pie-pieces
were compared. Assuming that the lateral extent of the non-magnetic material due
to the machining process was around 100 µm, the effective area of a pie-piece of Nd-
FeB was estimated at 52.7 mm2; 10% lower than the SmCo pie-piece area. However,
the remanence of NdFeB is 25% higher than that of SmCo. At this scale, NdFeB
pie-piece magnets were consequently more performant from a magnetic standpoint
despite degraded edges (Br(NdFeB)×Aeff > Br(SmCo)×Atot).
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Figure 4-15: Standard dimensions of a laser-machined PM piece. The magnet is
represented in red.
4.1.5.2 Geometrical Characterization of the Magnetics
The rotor imbalance was primarily attributed to the PM pieces because they were
10 times thicker than the back iron pieces. In average, the weight of the PM pieces
was about 22.6 mg. As suggested by Monte-Carlo simulations performed by B. C. Yen
[64], the maximum standard deviation was limited to 0.1 mg, which corresponded to
a 0.4% weight discrepancy between the PM pieces. Sets of eight PM pieces were
laser-machined, and consistenly geometrically characterized, according to standard
dimensions shown in Figure 4-15. Table 4.4 details the results of a typical set of eight
NdFeB magnets. The weight discrepancy was less than the required value, and the
dimension tolerances were well below 50 µm, validating the fabrication approach.
Figure 4-16 illustrates the specific arrangement of the PM pieces to obtain a well-
balanced rotor. Magnets with similar weights were diametrically located, and the
configuration that exhibited the least imbalance was selected. Similarly, the balancing
scheme was applied to the back iron pie pieces. One fabricated silicon magnetic rotor
is depicted in Figure 4-17.
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Label
A B C D E F G Mass
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mg)
PM-1 2.513 2.457 2.499 1.541 3.483 3.449 3.377 22.5
PM-2 2.499 2.455 2.415 1.520 3.447 3.438 3.300 22.5
PM-3 2.526 2.502 2.486 1.495 3.447 3.420 3.326 22.6
PM-4 2.497 2.494 2.484 1.554 3.474 3.431 3.348 22.7
PM-5 2.539 2.502 2.470 1.527 3.528 3.477 3.368 22.6
PM-6 2.529 2.511 2.475 1.516 3.468 3.415 3.353 22.7
PM-7 2.533 2.504 2.486 1.547 3.487 3.458 3.385 22.7
PM-8 2.546 2.513 2.494 1.506 3.433 3.462 3.347 22.7
Average 2.523 2.492 2.476 1.526 3.471 3.444 3.351 22.6
Standard
0.017 0.022 0.025 0.019 0.028 0.020 0.026 0.08
deviation
Table 4.4: Geometrical characterization of a set of 8 PM pieces.
Figure 4-16: Specific arrangement of PM pieces inside the rotor to obtain a rotor with
the least imbalance.
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(a) Turbine side (b) Magnet side
Figure 4-17: Photographs of the turbine, and magnet sides of a silicon-based magnetic
rotor.
4.1.5.3 Magnetic Modeling of PM Rotors
As we have mentioned previously, a particular arrangement of the back iron pieces
relative to the PM pieces was utilized to achieve a continuous magnetic path. Ba-
sically, the PM pieces were staggered 22.5◦ from the back iron pieces, as shown in
Figure 4-13. Three-dimensional magnetic finite element analysis was performed in
order to evaluate the efficacy of this configuration. To establish comparisons, three
other cases were simulated, as presented in Figure 4-18. The first and second ar-
rangements represented the worst and best-case scenarii from a magnetic standpoint
with no back iron and a full annulus, respectively. The third arrangement consisted of
locating the back iron pieces underneath the PM pieces, leaving a lateral gap between
each magnetics. The fourth case described the staggered configuration.
The PM material was modeled as an 0.5-mm-thick perfect magnet with a rema-
nence of 1.4 T, and a coercive force of 950 kA/m [46]. The 50-µm-thick Ni80Fe20
back iron was assumed to have a relative permeability of 1100 [72]. Because of the
axisymmetry, only one eighth of the rotor was simulated, as shown in Figure 4-18(c).
A condition of equivalent magnetic flux density was applied to the outer boundaries
so as to reflect the symmetry. The magnetic pieces had inner and outer radii of 2.5
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Figure 4-18: Rotor magnetics configurations for FEA. The back iron and the magnets
are depicted in yellow, and blue, respectively.
and 5 mm, respectively. The lateral gap between the pieces was set at 200 µm to
mimic the locators fabricated in the silicon rotor.
Figure 4-19 features the magnetic flux density inside the back iron for the four
cases. The first and third arrangements presented similar characteristics, as there
was no flux concentration between the PM pieces. The staggered configuration and
the ring configuration exhibited the same properties, as well as a similar magnetic
flux density between the PM pieces. It should be noted that the grainy appearance
of the simulation results were caused by a coarse meshing of the structures, which
was due to a limited space of memory available from the version of Ansys that was
utilized. Finally, the magnetic field intensity was evaluated at an air gap of 100 µm
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Figure 4-19: Magnetic flux density inside the back iron material for the four config-
urations. Note the four different scales.
below the surface of the PM rotor, along a 3.75-mm-radius arc, which corresponded
to the center of the magnetic region. The data were plotted over one quarter of
the PM rotor. As shown in Figure 4-20, the intensity resulting from the staggered
arrangement matched the values simulated with the ring configuration, and was 20%
higher than the data exhibited by the case without a back iron.
From a balancing standpoint, the ring configuration was not desirable. This was
later experimentally confirmed. A PM rotor with a drop-in ring back iron did not
spin using the gas bearings. Consequently, the staggered configuration was the most
appropriate choice from both mechanical and magnetic aspects.
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Figure 4-20: Magnetic field intensities at 100 µm air gap below the rotor for the four
configurations.
4.1.6 Gas-Bearing-Compatible PM Generators:
Experimental Testing
Using the air-driven spindle, and the test setup presented in Section 2.5.2, the perfor-
mances of gas-bearing-compatible microgenerators were tested. The rotor balancing
protocol was not necessary for these experiments, because the turbine side of the
silicon rotor was blade-less, and attached to a stainless-steel shaft using epoxy-based
adhesive (5-min two-part epoxy, Loctite).
4.1.6.1 Mechanical Failure of Silicon-Based PM Rotors
Even though MIT gas bearings were designed to operate at 360,000 rpm, experimental
failure tests of blade-less silicon magnetic rotors were performed so as to determine
their maximum operating speed. A series of experiments were conducted and led to
the following observations:
• An empty blade-less silicon rotor was spun up to 335,000 rpm without apparent
degradation of its structural integrity. For this experiment, the rotational speed
was recorded using a photodiode and a signal analyzer [5].
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• Rotors with glued magnetics systematically shattered in the 150-200 krpm
range.
• Despite the full destruction of the silicon frame, the magnets were still intact.
• Super-glued rotors exhibited maximum speeds up to 15% higher than epoxy-
glued rotors, suggesting that the adhesion properties of the selected super glue
were better than that of the epoxy for thin layers.
• The use of super-glue adhesive was also more practical because of its fast drying
time, and its ability to be dissolved in acetone if the magnetics needed to be
changed.
To conclude, the mechanical failures were attributed to delaminations at the interfaces
between the silicon, the adhesive, and the magnetics.
4.1.6.2 Winding Design Changes: Experimental Validation
The design changes of the gas-bearing-compatible stator windings were explained ear-
lier in this section. Primarily, they can be summarized as an increase of the area of
the radial conductors at the expense of the width of the end-turns, and an optimiza-
tion of the design of the pad-to-winding regions. Such optimization was confirmed
experimentally. Using a rotor with eight 50-µm-thick discrete pieces of electroplated
permalloy, and eight laser-machined NdFeB magnets, measurements such as the out-
put voltage as a function of the rotor speed and the air gap were recorded. As shown
in Figure 4-21, the optimized design exhibited an open-circuit voltage 53% higher
than that of the original design, and a 70% power increase. These results were sum-
marized in Table 4.5. The larger coil resistance of the optimized stator was expected,
and was caused by longer conductors, and smaller cross-sectional areas of end-turns.
This design also presented a 41% increase of the area occupied by the radial conduc-
tors. This value reasonably matched the voltage increase, considering measurement
errors due to air gap imprecision, and estimation error of the radial conductor areas.
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Figure 4-21: Electrical measurements using original, and optimized gas-bearing-
compatible stators. Open-circuit voltage as a function of (a) rotor speed at 100 µm
air gap, and (b) air gap at 150 krpm. Calculated three-phase output power as a
function of (c) rotor speed at 100 µm air gap, and (d) air gap at 150 krpm.
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Original Optimized Improvements
stator stator (Xopt./Xori.)
Thickness (µm) ∼ 170 ∼ 170 –
Radial conductor ∼ 29 ∼ 41 1.41
area (mm2)
Conductance (Ω−1) 4.35 3.13 0.72
Inductance (µH) 0.26 0.19 0.73
Voc per unit speed
1.46 2.23 1.53at 100 µm gap
(mVrms.krpm
−1)
Calculated power
0.17 0.29 1.7
at 150 krpm (W)
Table 4.5: Comparisons between original and optimized gas-bearing-compatible sta-
tors using a similar rotor.
4.1.6.3 Measurement Results using Magnetic Stators
The stator with a laminated magnetic core shown in Figure 4-10 was also tested, and
its performances were compared to the non-magnetic stator measurements. The two
stator windings were fabricated from the same batch. As a result, they exhibited
similar resistances of 320 mΩ, and negligible inductances. The single-phase open-
circuit voltage and the single-phase output power across a purely resistive load were
measured simultaneously. The experimental testing was limited up to rotational
speeds of 200,000 rpm to ensure the mechanical integrity of the rotor. The air gap was
set at 100 µm by manual alignment. As shown in Figure 4-22(a), the microgenerator
with a back iron demonstrated a 50% voltage increase, which corresponded to a power
increase of 125%. The three-phase power is plotted in Figure 4-22(b). At 200,000 rpm,
the device generated 1.05 W of output power across a resistive load. The rotational
speed was not increased further because it was the maximum speed achieved with the
silicon-based magnetic rotors during failure experiments. Such experiments verified
that the current size and configuration of the gas-bearing-compatible generators had
the ability to generate watt-level output power.
Furthermore, it confirmed that the device with the magnetic stator core exhibited
164 4. Towards Microengine Integration
0  50 100 150 200
0  
100
200
300
400
500
600
700
Rotor speed (krpm)
O
pe
n−
cir
cu
it 
vo
lta
ge
 (m
V rm
s)
No back iron
Laminated NiFe back iron
(a)
0  50 100 150 200
0  
0.2
0.4
0.6
0.8
1  
Rotor speed (krpm)
Th
re
e−
ph
as
e 
po
we
r (
W
)
No back iron
Laminated NiFe back iron
(b)
Figure 4-22: (a) Open-circuit voltage and, (b) power measurements as a function
of rotor speeds up to 200,000 rpm using non-magnetic and magnetic stators. The
microgenerator with laminated stator core generates 1.05 W at 200,000 rpm.
higher performances due to larger magnetic flux densities in the stator windings. The
efficiency, and the reduction of the eddy current losses due to this specific laminated
design were not experimentally investigated. As we have explained in Section 2.5.5,
the eddy current losses modify the mechanical-to-electrical power conversion effi-
ciency, and it is particularly difficult to evaluate these factors when the device is
operated as a microgenerator. The magnetic pull-in force created by the interaction
between the stator core, and the magnets resulted in higher mechanical drag, and fric-
tion in the turbine bearings. Consequently, a direct comparison of the input power
delivered to the turbine as a function of the rotor speed was not relevant.
4.1.7 Fully-Integrated PM Turbine Generator
The packaging, and gas-bearing operation of the fully-integrated microgenerator was
carried out by B. C. Yen at MIT [64]. This section presents a brief overview of the
device, as well as its performance, and limitations.
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(a) Upper turbine generator die (b) Lower turbine generator die
Figure 4-23: Photographs of fabricated magnetic generator dice. The upper die
contains the rotor and the lower die contains the drop-in copper stator windings.
4.1.7.1 Device Packaging
Figure 4-23 shows the upper and lower generator dice. The silicon stator used in
the following experiments did not include magnetic laminations. 30-AWG wires were
soldered to the six integrated copper leads shown in Figure 4-24(b). The two dies were
aligned under a microscope using built-in alignment marks, and compressed inside an
acrylic package, as depicted in Figure 4-25. O-rings located on the gas inlets of the
device prevented leakage between the die, and the package. An evaporated eutectic
interface, shown in Figure 4-23(a), reduced leakage between the die interfaces, without
the need for a permanent bond. This enabled multiple rotors to be tested in the same
silicon gas-bearing die.
It should be noted that the integration of magnetic laminations within the 1-mm-
thick silicon stator was also attempted. Despite using the same lamination scheme
presented in Section 4.1.4, the plating of permalloy was not uniform. This was at-
tributed to the very high aspect ratios of the laminated features, and a poor def-
inition of the photoresist patterns. In addition, bad solution replenishment in the
deep trenches may have resulted in non-homogeneous deposition rates. Results are
shown in Figure 4-26. Regardless, the windings were still inserted. Unfortunately,
the magnetic pull-in force between the stator back iron and the rotor could not be
counter-acted by higher gas pressures in the bearing plena. As a result, the rotor did
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(a) (b)
Figure 4-24: Close-up views on (a) integrated windings, and (b) backside integrated
copper leads.
Figure 4-25: Acrylic package with metal tabulations in which the magnetic generator
was tested.
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(a) (b)
Figure 4-26: SEM images of electroplated permalloy inside 1-mm-tall silicon lamina-
tions. (b) is a tilted view. Non-uniform plating was attributed to the high aspect
ratios of the silicon structures.
not spin. Therefore, the following experiments strictly used non-magnetic stators.
4.1.7.2 Hydrostatic Gas Bearings
The design of gas bearings was based on previously demonstrated micro-hydrostatic
gas thrust bearing devices [7, 73]. The silicon rotor, which was 4.2 mm in diameter,
spun up to 1,400,000 rpm. Scaling laws, and theories for micro-gas bearing dynamic
behavior and whirl instability were established in [73,74], and were applied to design
the current geometry of the 12-mm-diameter device. Essentially, the damping ratio,
natural frequency, stiffness, and whirl instability limit of the rotating system were
governed by the bearing design and fluid dynamic parameters. Such parameters were
set by the bearing pressure difference, ∆p. Theoretically, the natural frequency scaled
with the square-root of ∆p, while the damping ratio scaled with the inverse square-
root of ∆p. Instabilities could occur in the system because flow from the spinning
rotor would be induced in the journal bearing clearance, limiting the stable operating
range at higher speeds.
One of the major challenges observed during the operation of the device was the
ability to transition from subcritical to supercritical mode when accelerated to higher
speeds. Since the natural frequency and damping ratio yielded opposing trends as
a function of ∆p, the experimental protocol was to initially set ∆p to low values,
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Figure 4-27: Measured and computed natural frequency of magnetic rotor, and su-
percritical operation of device at 25,000 rpm. The standard deviation of error was
22 rpm for the rotor speed and 0.004 psi for ∆p [75].
in order to yield a high damping ratio when crossing the natural frequency. The
turbine flow and ∆p were then increased in an alternating fashion to operate the rotor
supercritically, but below the whirl stability limit, as depicted in Figure 4-27. The
stable, supercritical operating region was bound by the dashed red line representing
the whirl stability limit, and the natural frequency marked by the solid black line.
Although this is not detailed here, experiments were carried out to identify the natural
frequency of the magnetic rotor, and showed good agreement with calculated values,
validating the scaling laws, and previously established models [74]. The rotor speed
was measured using an optical fiber recording the frequency of speed bumps located
on the turbine side of the rotor. The speed trace was marked by the red squares in
Figure 4-27 [64].
4.1.7.3 Electrical Testing of the Integrated Turbogenerator
Electrical experiments were performed with this device, and were reported in [75]. As
presented in Figure 4-28(a), the signals from three phases exhibited similar amplitude,
and a 120◦ phase delay, confirming the proper alignment of the rotor relative to the
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stator windings. At an operating frequency of 0.66 kHz, the rotor spun supercritically
at 10,000 rpm. Figure 4-28(b) shows the linear dependence of the RMS open-circuit
voltage as a function of the rotor speeds. The fully-integrated device delivered an
open-circuit voltage per unit speed of 2.32 mVrms.krpm
−1. To estimate the air gap
in the integrated generator, this value was compared to the gap-dependent measure-
ments recorded with the non-integrated generator (see Figure 4-21(b)). At an air gap
of 100 µm, the non-integrated generator exhibited an open-circuit voltage per unit
speed 4% lower than that of the integrated device. Consequently, the gap between
the top surface of the windings, and the bottom surface of the permanent magnets
was estimated at 95 µm. This result was expected by the design and fabrication of
the packaged device. Both the windings and the magnets were recessed from their
respective silicon surfaces by approximately 50 µm, which corresponded to a designed
value of 100 µm.
In order to determine the conditions of maximum power transfer, the phases were
loaded with 30 AWG wires of various lengths, with the effective resistances being
206 mΩ, 240 mΩ, 330 mΩ, 400 mΩ, and 440 mΩ. As anticipated, the generator
demonstrated the highest output power when the load resistance matched the winding
phase resistance of 0.33 Ω, as detailed in Figure 4-29(a).
The three-phase output power was finally measured by connecting a load resistance
of 0.33 mΩ to each phase. At 40,000 rpm, the fully-integrated device generated an
output power of 19 mW. Unfortunately, attempts to operate the microgenerator at
higher speeds were not successful. The primary reason was that the aft thrust bearing
could not be pressurized as high as its designed value, due to deformation issues
resulting from the fabrication of the silicon stator. Consequently, the axial stiffness
of the rotor was lower than expected, making the device more sensitive to external
perturbations, and causing the rotor to crash at moderate speeds. In addition, each
crash further damaged the labyrinth seals and the rotor. Detailed explanations were
provided in [64].
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Figure 4-28: Voltage measurements of the fully-integrated PM turbine generator.
(a) Three-phase voltage at an operating frequency of 0.66 kHz, and (b) open-circuit
voltage as a function of rotor speed up to 40,000 rpm.
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Figure 4-29: Output power delivered by the fully-integrated PM turbine generator:
(a) at various speeds across several load resistances, and (b) as a function of rotor
speed under matched load conditions.
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4.1.8 Conclusions on Gas-Bearing Turbine Generators
In this section, the design, fabrication and experimental results of a gas-bearing,
silicon-based, PM generator were reported. A gas-bearing-compatible generator was
first engineered using alternative fabrication, and integration techniques to accom-
modate the various requirements of the fully-integrated device. The numerous con-
tributions are summarized below.
• A drop-in technology was developed to integrate microfabricated windings with
a silicon stator having severe topographies (through-wafer trenches, high-aspect-
ratio features. . .).
• Simultaneously, integrated electrical connections were designed, and fabricated
with the surface-wound copper coils. They were subsequently folded at a 90◦ an-
gle, and inserted into through-substrate features. These through-wafer intercon-
nects served as backside electrical contacts for external power measurements.
• Regarding the eight-pole silicon-based magnetic rotor, specific fabrication and
integration protocols were determined, in order to minimize the rotor imbalance,
and successfully spin it.
• A “pie-piece” configuration was utilized for both the back iron and the mag-
nets, because structural analysis suggested that annulus could not be properly
balanced and centered. The staggered arrangement of the back iron pieces rela-
tive to the PM pieces enabled a continuous magnetic path. The discrete pieces
were geometrically characterized, weighed, and inserted in the rotor based on a
balancing scheme.
After the system-level integration was confirmed, a gas-bearing-compatible micro-
generator was tested using a conventional spindle in order to experimentally determine
its capabilities.
1. Experimental failure analysis of silicon-based magnetic rotor was performed.
Speeds of up to 200,000 rpm were achieved. The cause of failure was attributed
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to the relative low shear strength of the adhesive used to bond the magnetics
inside the silicon cavity.
2. Drop-in windings were assembled with non-magnetic, and magnetic silicon sta-
tors. The magnetic version consisted of an integrated, vertically-laminated
permalloy core, that acted as a stator back iron.
3. The non-magnetic stators demonstrated an output power across a resistive load
of 0.3 W at a rotational speed of 150,000 rpm, and an air gap of 100 µm.
Using the same magnetic rotor, and similar experimental conditions, the device
with a laminated stator core demonstrated a 125% power increase. This device
was spun up to 200,000 rpm, and an electrical power of 1.05 W was generated
through a matched load resistance.
Finally, a fully-integrated, gas-bearing-supported PM turbine generator was suc-
cessfully tested at MIT. The gas bearings demonstrated supercritical operation, and
rotational speeds of up to 40,000 rpm, confirming that the balancing scheme of the
rotor magnetics was relevant. At maximum speed, the electrical generator delivered
19 mW of three-phase output power across a resistive load.
4.1.9 Roadmap Towards Higher Power
Despite the successful operation of this first generation of fully-integrated, gas-bearing
generators, several design changes are critical to achieve higher output power.
• Because the output power is proportional to the square of the operating speed,
this parameter must be of a primary concern. To achieve higher rotational
speeds, the aft thrust bearing must be stiffer to sustain higher bearing pres-
sures. Furthermore, the cleanliness of the process integration of windings and
magnetics must be carefully controlled to avoid rotor crashes during super-
critical operation. Based on a speed increase from 40,000 rpm to 200,000 rpm,
which was the maximum speed achieved with silicon magnetic rotors, the power
increases by a factor of 25.
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• The integration of a laminated stator core would also increase the output power,
though, the magnetic pull-in force must be overcome by the bearings. Experi-
mental results using the conventional turbine have demonstrated a 2.25x power
increase with 300-µm-thick, vertically-laminated, stator back iron. Magnetic
simulations suggested that the use of a 900-µm-thick laminated core would in-
crease the output power at all speeds by a factor of 3-4 [64].
• Finally, the fabrication of thicker windings would decrease the phase resistance,
as well as the air gap, thus would increase the output power.
4.2 High Temperature Operation of
PM Microgenerators
As we have previously mentioned, small-scale heat engines operate at relatively high
temperatures in order to increase the mechanical output power of the systems. Al-
though many of the microscale generators previously reported are ultimately intended
for integration with heat engines, less attention has been paid to their high tem-
perature performance. Indeed, microgenerators often use low temperature magnetic
materials to obtain better performance rather than high temperature compatible mag-
netics [28,31,75]. Performance requirements are further exacerbated by the compact
nature of these microsystems and the difficulties involved in maintaining large in-
ternal thermal gradients. The high temperature operation of the first generation of
axial-flux PM microgenerators reported in Chapter 2 was investigated. First, the
temperature range of operation of these microgenerators integrated with heat engines
was considered. The magnetic materials used in the PM microgenerators were char-
acterized up to 375 ◦C, and the temperature-dependence of the electroplated copper
windings was also measured. A phenomenological model was introduced to express
the power degradation based on the measured material properties as a function of
temperature. Finally, direct heating experiments of the PM microgenerators were
performed, and measurements of the electrical power for several microgenerators at
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high temperatures were reported and compared to the model.
4.2.1 Temperature Considerations on Heat-Engine-Driven,
Turbine Microgenerators
Most of the rotary, PM microgenerators are intended for integration with heat-
engine-driven, high-speed turbine systems. Fre´chette and co-workers are developing
a MEMS-based, Rankine cycle steam turbine [11,12]. Recent efforts were focused on
the development of the high-speed rotating system, but considerations on the electri-
cal generator were also introduced. It must withstand high rotational speeds (rotor
tip velocity of 100’s of m/s), and sustain high temperatures. The rotor should reside
at an average of the minimum and maximum cycle temperatures, which corresponds
to temperatures varying between 200◦C and 400◦C. Stevens et al. discussed sev-
eral design constraints of a fuel-based micropower generator [76]. To overcome the
temperature-related issues in the magnetic generator, the permanent magnets must
be integrated at the lowest temperature side of the turbine (i.e., compressor side),
and extra cooling should be provided through passing air across the magnets. The
PM generator is located in an environment with temperatures varying between 200◦C
and 300◦C. To surmount the detrimental effects caused by high temperatures, and
because the output power delivered by the machine varies as the square of the rotor
speed, high rotational speeds were required in order to fabricate microgenerators with
high power density capabilities.
As a result of the temperature-related considerations reported by Fre´chette and
Stevens with regards to the integration of PM microgenerators with heat engines,
the fabricated devices must be able to operate at temperatures around 200-300◦C.
Detrimental temperature-dependent material effects consisted of increased winding
resistance and decreased magnetic properties, including decreased to both permanent
magnet remanence, and ferromagnetic saturation magnetization. Consequently, the
PM microgenerators and their temperature-dependent materials were characterized
in this temperature range.
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4.2.2 Temperature-Related Material Degradation
4.2.2.1 Characterization of the Magnetics
The thermal dependences of the small-scale magnetic materials were investigated
using a Vibrating Sample Magnetometer (VSM) with an integrated furnace. The
temperature ramp was set at 25◦C per 90 seconds. For each measurement, the sys-
tem was stabilized for a few minutes before recording any data. Both PM materials
and ferromagnetic materials in the geometries and size scales of interest were tested.
SmCo and NdFeB PM materials were 0.5 mm thick. FeCoV and NiFeMo back iron
materials were of a thickness of 1 mm. Both SmCo and NdFeB were characterized
as possible permanent-magnet materials. Although SmCo has a lower room temper-
ature remanence (Br = 11.5 kG) compared to NdFeB (Br = 14.0 kG), it possesses
a much higher Curie temperature (Tc ∼ 800◦C) and maximum operating tempera-
ture (Tmax ∼ 300◦C) as compared to NdFeB (Tc ∼ 300◦C, Tmax ∼ 100◦C). At high
temperatures SmCo will likely be preferred. However, high rotational speeds or di-
rected air-flow may provide sufficient cooling to use the better performing but more
temperature-sensitive NdFeB magnets at moderate temperatures.
Remanence temperature dependence of microscale rotor magnets were experimen-
tally determined as depicted in Figure 4-30. These results for the different materials
are presented as normalized to their respective room temperature values. Neglecting
any potential cooling effects due to high rotational speeds of the PM rotors, these mi-
croscale NdFeB magnets cannot be used above approximately 150◦C due to a nearly
complete remanence loss at higher temperatures. From the experimental data, an ap-
proximate curve fit for the temperature dependence for microscale permanent magnets
was defined by:
Br(T ) = Br(25
◦C)× [1 + αPM × (T − 25)] (4.2)
where Br(T) was the measured remanence of the permanent-magnet material at
a temperature T in ◦C and αPM was a linear coefficient of temperature depen-
dence. Hence, the coefficient of temperature dependence for microscale NdFeB mag-
nets αNdFeB was about -0.6%
◦C−1 over a low range of temperatures (25-100◦C).
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Figure 4-30: Measured remanence of saturated SmCo and NdFeB magnetic rotors as
a function of temperature, normalized to their respective measured room temperature
remanences.
This coefficient was much higher than macroscale NdFeB permanent magnets (∼ -
0.1%◦C−1) [77]. We believe this to be because of the absence of nickel coating around
the small-scale NdFeB magnets during testing. Because such small-scale magnets have
a much higher surface/volume ratio than macroscale magnets, the volume of oxidized
material can become a large percentage of the total volume at elevated temperatures.
As a result, the irreversible losses were much higher for microscale magnets than that
of bulk magnets. SmCo magnets are less sensitive to temperature. Hence, the coef-
ficient for microscale SmCo magnets αSmCo was much lower and equals -0.07%
◦C−1
over a wide range of temperatures (25-375◦C).
Figure 4-31 shows the measured saturation magnetization of both FeCoV and
NiFeMo as a function of temperature normalized to their respective room temperature
values. The magnetic saturation of FeCoV was reasonably stable up to 375◦C, while
the saturation magnetization of NiFeMo dropped off by more than 60%.
4.2.2.2 Temperature-Dependent Winding Resistance
The copper winding resistance was assessed as a function of temperature using a
four-point measurement system. The two-layer stator coils were electroplated on a
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Figure 4-31: Measured saturation magnetization of FeCoV and NiFeMo bulk as a
function of temperature, normalized to their respective measured room temperature
saturation magnetizations. The applied field was 10 kOe.
1 mm thick NiFeMo substrate using conventional microfabrication approaches, as
reported in Chapter 2. The total thickness of the fabricated windings was approxi-
mately 200 µm. In practice, the stator was placed on a hotplate, and the resistance
variation of a single phase of the 3-phase stator coils was measured as a function
of temperature, which was monitored by the digital controller of the hotplate and
a thermocouple placed on top of the winding substrate. At room temperature, the
single-phase winding resistance R(25◦C) was about 172 mΩ. In the first approxima-
tion, experimental data exhibited a linear dependence of copper winding resistance
with temperature, and were close to referenced values [78], as presented in Figure 4-
32. The winding resistance at 225◦C was approximately 1.8 times higher than at
room temperature. The coefficient of temperature dependence β of the stator coils
was defined by:
R(T ) = R(25◦C)× [1 + β × (T − 25)] (4.3)
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Figure 4-32: Measured and theoretical copper winding resistance as a function of tem-
perature, normalized to the room temperature resistance value (R(25◦C) = 172 mΩ).
4.2.3 Machine Performance at High Temperatures
4.2.3.1 A Phenomenological Model
Calculations of the delivered output power at high temperatures from the above-
mentioned magnetics and conductor heating characterizations were performed. The
output power at high temperatures can be expressed as a function of the power at
room temperature and the temperature dependent parameters that were defined pre-
viously (i.e., the operating magnetic field and the coil resistance). As mentioned pre-
viously, the output voltage delivered by the machine is proportional to the magnetic
flux density established in the machine, which is itself proportional to the remanence
of the permanent-magnet material. As a consequence, the temperature-dependent
output voltage varies linearly with the temperature-dependent remanence expressed
by Eq. (4.2). Secondly, assuming that power varies as the square of magnetic flux den-
sity established in the machine, and inversely as the winding resistance, and further
assuming a linear degradation of both properties with temperature as demonstrated
earlier, the temperature-dependent output power can be phenomenologically modeled
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as:
P (T ) = P (25◦C)× [1 + αPM × (T − 25)]
2
[1 + β × (T − 25)] (4.4)
where P(T) was the dc output power at the operating temperature T, P(25◦C) was
the dc output power measured at room temperature, αPM was the negative coefficient
of temperature dependence for the permanent-magnet materials defined by Eq. (4.2),
and β was the coefficient of temperature dependence for the copper windings de-
termined by Eq. (4.3). Both coefficients were experimentally identified as presented
above. Figure 4-33(a) and Figure 4-33(b) detailed the theoretical power degradation
of SmCo and NdFeB microgenerators as a function of temperature. The sole contribu-
tion of each material (i.e., copper windings and PM materials) was also represented.
In this regard, the contribution of the stator winding resistance was calculated by
assuming that the PM material was not subjected to high temperatures. Similarly,
power losses that were exclusively attributable to the permanent magnets were calcu-
lated by assuming no temperature-dependent losses of the stator coils. Because the
practical air gap between the rotor and stator was small (∼ 100 µm), it was experi-
mentally impossible to isolate and measure separately the temperature-related power
degradation caused by each material. However, such analysis emphasized different be-
haviors for the two microgenerators. While the power degradation of SmCo machines
at high temperatures was dominated by the coil resistance increase, the temperature-
related power losses of NdFeB generators were primarily due to the drop of residual
magnetization of NdFeB.
4.2.3.2 Direct Heating Experiments
Direct heating experiments of operational microgenerators were conducted up to
100◦C. Shown in the inset of Figure 4-34, a custom 15-mm-inner-diameter heater
was fabricated, and consisted of a copper wire wound around a copper ring. A cur-
rent source was connected to the copper wire, and temperature was measured using
a conventional thermocouple. This heater was used to selectively heat the stator and
the rotor, without affecting the plastic turbine blades and ball bearings of the spindle.
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Figure 4-33: Theoretical temperature-related power degradation for (a) SmCo micro-
generators, and (b) NdFeB microgenerators. The sole contribution of each material
(i.e., copper windings, permanent magnet materials) was also represented.
Note that the copper wire was wound and counter-wound to avoid induced fields in
the heater region that would have corrupted the performance of the generator. Uni-
form temperatures of up to 100◦C were achieved inside the oven itself. A rendering
of the experimental configuration setup is depicted in Figure 4-34. A commercially
available Kapton-insulated flexible heater (Minco), which consisted of a copper coil
encapsulated between two layers of Kapton films, was also used underneath the stator
substrate to ensure a uniform level of temperature within the substrate. Such heaters
were rated up to 200◦C. The operating temperature was monitored by a thermocouple
placed inside the custom oven.
For power measurements, the air gap between the stator and the rotor was set at
100 µm. The passive ac/dc converter featured in Chapter 2 was used to provide dc
power to a resistive load. It should be noted that the power converter was separated
from the generator and maintained at room temperature. Experimentally, the out-
put power was calculated by measuring the voltage and current across an external
load resistance connected to the diode bridge. Figure 4-35(a) presents measured and
calculated dc output power to an external load using a SmCo rotor as a function
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Figure 4-34: 3-D rendering of the high-temperature experimental configuration setup.
The inset shows the custom oven for localized heating of rotor and stator.
of speed for several operating temperatures. A maximum output power of 2.7 W
was measured at 100◦C and a rotational speed of 200,000 rpm, while the predicted
power was approximately 2.9 W. As compared to the 4 W of power generated at room
temperature, this represents a 35% drop of power at 100◦C. Neglecting temperature-
related saturation effects associated with the back iron, the phenomenological model
showed good agreement with experimental data over the temperature range 25-100◦C
(the maximum measurement temperature). At 300◦C, a 70% drop of electrical power
is predicted for any given speed, as shown in Figure 4-35(b). For instance, at a
rotational speed of 305,000 rpm, the calculated power was 2.4 W at 300◦C, and the
measured power was 8 W at room temperature. However, even at such a high temper-
ature, axial-flux, SmCo microgenerators were still capable of generating appreciable
amounts of electrical power.
NdFeB microgenerators were also tested up to 100◦C. As shown in Figure 4-36(a),
an output power of 1.25 W was achieved across a resistive load at a rotor speed of
215,000 rpm and an external temperature of 100◦C. This corresponds to a 74% drop
of output power, as presented in Figure 4-36(b). While the NdFeB machine outper-
formed the SmCo machine at room temperatures, at 100◦C and 215,000 rpm, the
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Figure 4-35: (a) dc output power measured from a SmCo machine and delivered to
external load as a function of speed for several temperatures. The points represent the
experimental data, and the lines indicate the calculated output power. (b) dc output
power normalized to the room temperature value, as a function of temperature, and
for any given speed.
output power delivered by the SmCo machine was twice higher. Furthermore, there
was a good agreement between the temperature-dependent model and the experimen-
tal data.
Figure 4-37 presents the calculated dc output power delivered across a resistive
load as a function of temperature for both SmCo and NdFeB microgenerators, apply-
ing the phenomenological model to the maximum measured output power at room
temperature. At 25◦C, the highest measured dc output power for NdFeB microgen-
erators was 10.8 W at a rotational speed of 400,000 rpm. Higher speeds could not
be achieved because of the turbine performance. For SmCo microgenerators, a max-
imum dc output power of 8 W was measured at 305,000 rpm. At this speed, the
rotor suffered catastrophic failure. The power was then calculated as a function of
temperature using the phenomenological model previously presented. The assump-
tion that the rotational speeds can remain constant at elevated temperatures was
made. Although NdFeB outperforms SmCo in microfabricated generators at room
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Figure 4-36: (a) dc output power measured from a NdFeB machine and delivered to an
external load as a function of speed for several temperatures. The points represent the
experimental data and the lines indicate the calculated output power. (b) dc output
power normalized to the room temperature value, as a function of temperature, and
for any given speed.
temperature because of higher magnetic performance and higher rotational speeds,
NdFeB microgenerators were less efficient than SmCo devices at operating tempera-
tures above 60◦C. High power density, permanent-magnet microgenerators operating
in high temperature environment are therefore practicable, and an attractive choice
for mechanical-to-electrical converters that are tightly integrated with heat engines.
4.2.4 Conclusions on High Temperature Operation
of Microgenerators
The performance of the PM microgenerator presented in Chapter 2 was investigated
at high temperatures. Due to the compact nature of microengines, the microgenerator
must be able to operate at high temperatures, and deliver a useful level of output
power.
• The magnetics were characterized up to 375◦C using a VSM with an integrated
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Figure 4-37: Calculated dc output power delivered to an external load as a function of
temperature for SmCo and NdFeB microgenerators, applying the phenomenological
model to the maximum output power measured at room temperature. The rotor
speed was assumed to remain constant, and at its maximum experimental value (i.e.,
305,000rpm for SmCo rotors, and 400,000rpm for NdFeB rotors).
furnace.
• The winding resistance was also assessed as a function of temperature.
• Based on these experimental results, a phenomenological model was developed
to assess the power degradation as a function of operating temperature.
• The experiments confirmed the model predictions, and validated the watt-level
capabilities of these microgenerators at high temperatures.
As a result, we demonstrated that with careful materials selection, MEMS-based
PM microgenerators were capable of multi-watt output power over a wide range of
temperatures. This is critical information to predict the net power delivered by a
microengine. Future work will focus on studying further degradation that may occur
in the highly-stressed, high-speed rotor, caused by deteriorating mechanical properties
with temperatures, as well as coefficients of thermal expansion issues.
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4.3 Conclusions on Microengine Integration
The research work reported in this chapter represents two major stepping stones
towards the fabrication of heat-engine-driven, silicon-based, high-power-density mi-
crogenerators. In Section 4.1, we demonstrated the fabrication and operation of
a fully-integrated, gas-bearing PM generator that is potentially compatible with a
high-temperature, gas-bearing microengine. The device is silicon-based, and gener-
ates 19 mW of output power across a resistive load at a rotational speed of 40,000 rpm.
The study detailed in Section 4.2 dealt with the performance of the electrical micro-
generator at high temperatures, and exposed design and material constraints. Based
on experimental results, a phenomenological model was introduced to predict the out-
put power delivered by PM microgenerators at high operating temperatures. While
the gas bearings are potentially compatible with high temperatures, several basic
modifications would still have to be implemented regarding the integrated generator,
as suggested by the high-temperature experiments. While considering some of these
design changes, an estimation of the output power delivered by the silicon-based, gas-
bearing generators for several temperatures is presented in Table 4.6. The first row
indicates the measured output power generated by the gas-bearing PM generator in
its current configuration (i.e., maximum rotational speed of 40,000 rpm, and use of
NdFeB magnets for higher room-temperature performance). The following rows de-
tail the predicted performance for several temperatures. Furthermore, higher speeds
and the change of PM material are considered. The predicted output power is calcu-
lated using the models developed in Section 4.2. Assuming the use of SmCo magnets,
and an operating rotor speed of 200,000 rpm, the gas-bearing generator would deliver
0.1 W across a resistive load at an environment temperature of 300◦C.
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Generator Temperature Remanence Resistance Predicted
characteristics (◦C) drop (%) increase (%) power (mW)
NdFeB and 40 krpm
25 x x 19
100 42 30 4.9
300 99.97 106 0.01
NdFeB and 200 krpm
25 x x 475
100 42 30 122.5
300 99.97 106 0.2
SmCo and 40 krpm
25 23 x 11.5
100 3∗ 30 8.3
300 14∗ 106 4.1
SmCo and 200 krpm
25 23 x 287
100 3∗ 30 208
300 14∗ 106 103
Table 4.6: Output power prediction of the gas-bearing generator at high tempera-
tures, assuming some design changes. The first row indicates the experimental result
achieved with the gas-bearing generator (19 mW at 40 krpm at 25◦C). The following
rows detail the predicted power as a function of operating temperatures, assuming
some design changes. ∗Temperature-dependent remanence drop expressed as a percentage
of the room temperature value of SmCo magnets.
CHAPTER 5
HEAT-ENGINE-DRIVEN POWER
MEMS GENERATORS
5.1 Introduction & Motivation
While MEMS-based, high power density, mechanical-to-electrical energy converters
have been successfully demonstrated in this thesis, MEMS-fabricated heat engines
for chemical-to-mechanical conversion systems remain elusive. As their dimensions
shrink, they become difficult to fabricate and operate for the following reasons:
1. It is challenging to reproduce the complexity and three-dimensionality of heat
engines at a small scale using microfabrication approaches.
2. As the size of these converters decreases, the operating frequency required to
maintain appreciable output power increases, which in turn results in very high
required rotational speeds.
As we presented in Section 1.1.1, air-driven, silicon-based, multi-wafer, micro-turbines
have demonstrated rotational speeds beyond one million revolutions per minute [4,7].
In addition, and as a part of the same research effort, micro-combustors have been
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successfully fabricated [8]. However, severe constraints on materials and fabrication
tolerances were observed. Therefore, the fabrication and operation of microscale de-
vices combining the combustor and the turbine generator for chemical-to-mechanical-
to-electrical energy conversion is still very challenging, and has not been achieved yet.
In this regard, a trade-off between simplicity of operation (e.g., no valves, rotating
parts, or seals) and ultimate efficiency may be desirable at smaller scales.
As an alternative to the replication of macro-scale machine complexity on the
microscale, we present the development of MEMS-fabricated, ceramic-based, valveless
pulsejets powered by hydrogen. These devices can be defined as small-scale, reduced-
complexity, self-resonant air-breathing heat engines. Using this approach, we by-pass
severe fabrication constraints required by rotary engines at the expense of efficiency
and output power. The devices convert chemical energy from a source of hydrogen
fuel into an oscillating thrust, which can be either used for micro propulsion, or
converted into vibrational mechanical energy. Such energy can be used as a platform
for mechanical-to-electrical converters using vibration-based, electromagnetic power
generation systems. At small scales, such air-breathing engines self-resonate in the
kHz range; this high mechanical frequency is potentially suitable for high-energy-
density generators.
First, the design and operation of valveless pulsejets are presented. Next, the
fabrication of high-temperature-resistant devices is introduced, and consists of micro-
machining of ceramic materials. The use of MEMS fabrication technologies enables
non-conventional designs which would be difficult to build using conventional ap-
proaches. Characterization of engine performance, including pressure and frequency
measurements, are presented. Finally, integration with PM generators is undertaken
to demonstrate the operation of MEMS-based, chemical-to-electrical converters.
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5.2 A First Look at Air-Breathing Self-Resonant
Engines
The first pulsejet combustor designs with no moving parts were built at the beginning
of the 20th century [79]. In the 1930s, German researchers engineered a series of
pulsejets. During World War II, Vergeltungswaffe 1 (or V-1) missiles loaded with
explosives were powered by such jet engines. They were also named “buzz” bombs
because of the loud resonating sound produced by the resonating pulsejet. Unlike the
devices that we present, these engines had mechanical valves on the air intake so as
to maximize the produced thrust.
Despite their design simplicity, pulsejets suffered from high levels of noise, and
low efficiencies. As a result, researchers interested in macro-scale operation quickly
lost interest and focused on more complicated gas-turbine generators. However, the
reduced complexity of these engines is very attractive as the size decreases. Conse-
quently, such engines are investigated as potential chemical-to-mechanical converters
of a chemical-to-electrical power generation system.
5.2.1 Review of Valveless Pulsejets
At the North Carolina State University, conventionally-fabricated pulsejets have been
investigated [80–83]. To our knowledge, this is the main research group that is actively
working on these types of devices. Although they have developed small-scale engines,
they seem to be leaning towards larger machines that can produce higher levels of
thrust. Their designs and extensive flow simulations were used as guidelines for
the conception of our microfabricated devices. Figure 5-1 shows a 8-cm pulsejet
device [84]. However, this research group focuses on the conception of pulsejets as
a means of propulsion, and not as an element of an chemical-to-electrical power
conversion system.
To our knowledge, there is no literature reporting on the design and fabrication
of such engines at smaller scales (i.e., combustion chamber volume below 1 cm3).
190 5. Heat-Engine-Driven Power MEMS Generators
Figure 5-1: Photograph of a small pulsejet (Kiker et al.) [84].
The relatively low efficiency of this type of engine has always been seen as a major
drawback as compared to that of other heat engines. However, at a small-scale,
this issue is counterbalanced by the extreme simplicity of design and operation, as
mentioned previously.
5.2.2 Pulsejet Design & Operation Cycle
The design of valveless pulsejets is very simple, as shown in Figure 5-2 [85]. It
consists of a combustion chamber, gas and air inlets, and a “long” resonant tailpipe.
Additionally, a spark plug is integrated to initiate the first combustion cycle. At
larger scales, more complicated designs have been studied to improve the pulsejet
performance, but are not reported here [79]. To maximize the performance and
efficiency of the pulsejets, reed valves can be used on the air inlet side.
At smaller scales, the frequency of the resonant heat engines increases, typically
into the kHz range, as we will demonstrate in the following section. At such high
frequencies, conventional valves are subjected to severe operation and wear issues.
Consequently, it eliminates the potential implementation of any type of valves, which
is why valveless engines are investigated. While this constraint limits the performance
of the machine, high-frequency operation is actually preferable from an energy conver-
sion standpoint. Assuming that the operating frequency of the engine is transferred
to a mechanical-to-electrical converter, the induced voltage varies linearly with the
frequency (Faraday’s law).
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Figure 5-2: Conceptual design of a valveless pulsejet [85].
The typical operation cycle of an air-breathing, self-resonant valveless engine is
shown in Figure 5-3. It consists of five major steps that are detailed below.
1. The cycle begins with the ignition phase, which corresponds to a single spark
ignition accompanying a small amount of force-fed air into the inlet and the
fuel supply.
2. The spark ignites the fuel/air mixture in the combustion chamber, which causes
the hot gases to expand.
3. The explosion induces a corresponding pressure rise inside the combustion cham-
ber, pushing exhaust products out of the inlet pipe and out toward the end of
the exhaust pipe.
4. After a short period of time, the pressure in the chamber decays. However, the
drop continues even after the pressure in the chamber reaches the atmospheric
level, due to inertia of the moving gases, as well as temperature effects. When
there is no momentum left, the pressure drop stops. At this time, there is a par-
tial vacuum inside the combustion chamber, creating a phenomenon of suction.
The surrounding environment exhibits the highest pressure, which induces fresh
air to flow into the inlet and exhaust pipes. Because of the short inlet tube, the
air quickly enters the chamber, and mixes with fuel. Simultaneously, some of
the hot gases and radicals are still remaining in the exhaust pipe because it is
rather long. Consequently, the fresh air coming inside the exhaust pipe causes
these hot gases and radicals to return to the combustion chamber.
5. The hot gases and radicals returning to the chamber automatically re-ignites
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Figure 5-3: Conceptual schematic of typical valveless pulsejet operation.
the fuel-air mixture that has accumulated in the combustion chamber during
the period of subatmospheric pressure.
Consequently, the combustion is automatically re-ignited without any additional
spark, and the sequence (2-5) resumes as long as fuel is supplied. The net result is
an air-breathing engine capable of producing oscillating thrust with no moving parts.
Furthermore, the single spark ignition is a major advantage over other combustion
engines.
5.2.3 Theory and Scaling Considerations
Two complementary approaches have been reported in order to describe the theory
that governs pulsejet engines. First, a thermodynamic description was proposed by
M. Kadenacy [86]. Basically, the operation cycle of Figure 5-3 is described as an
oscillation of pressure inside the heat engine. The gases involved in the combustion
are repeatedly compressed and stretched, acting like an elastic medium. This is the
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Kadenacy effect. The elastic behavior exhibited by the gas during one combustion
cycle stores energy, which is used to ignite the subsequent cycle.
A second description uses the laws of acoustics to explain the resonance of the
engine [85]. When the explosion occurs, the gas expansion can be described by a
compression wave. This wave moves through both the inlet and exhaust pipes. Due
to previous combustion cycles, the engine operates at high temperatures, which causes
the compression wave to travel faster than the generalized speed of sound due to a
lower density of gas. When a compression wave reaches the open end of either tube,
a low pressure refraction wave is generated, and is reflected towards the chamber. In
valveless designs, the refraction wave created on the inlet side is rather weak because
of the short pipe length. However, the refraction wave coming from the exhaust is
responsible for the initiation of the next combustion cycle. As a result, the engine can
be considered as a cylinder with one open end and a closed end. The pulsation can be
described as a quarter wave-length oscillation. Consequently, the resonant frequency
fres is given by :
fres =
a∗
4.L
(5.1)
where L is the length of the engine, and a∗ is the velocity of sound propagation
in the considered medium [85].
This indicates that the resonant frequency of a pulsejet engine scales inversely with
its length. This model closely matched experimental results [85]. A 3-meter-long V-
1 buzz bomb was operated at approximately 50 Hz for low fuel rates. Considering
several assumptions, the operating frequency of cm-scale valveless pulsejets can be
estimated, as shown in Figure 5-4.
First, assume that all the dimensions are linearly scaled with the engine length.
Furthermore, the temperature is presumed to remain constant inside the engine de-
spite size and material variations. As a result, cm-scale, valveless pulsejets were
expected to operate in the kHz range. This simple calculation was used as a rela-
tive guideline for design implementation, rather than absolute predictors of operating
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Figure 5-4: Estimated resonant frequency of valveless pulsejet as a function of engine
length.
conditions.
Although the wave description accurately reflects the pulsejet behavior, the actual
operation does not revolve around this concept. The pressure differences, high gas
displacements, and velocities imply that gases are in motion and move air molecules.
As a result, the gases should be considered as a fluid, and not as a wave, which is
why the Kadenacy effect truly describes the pulsejet operation.
5.3 MEMS-Fabricated Valveless Pulsejet Engines
As we briefly introduced in Section 1.1.1, the combustion of hydrogen/air mixture
was achieved in microfabricated devices [8]. Microcombustors for gas-turbine engines
create steady flows of hot gases. However, the operation of a pulsejet engine is very
different, which limits the size reduction.
Because a pulsatile stream is generated, the length of the resonant tailpipe must
be carefully designed. If it is too short, the regeneration phase does not take place,
because the hot gases are pushed out of both pipes. As a result, there will be no auto-
matic re-ignition. Although microfabrication approaches were utilized, we limited our
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investigation to cm-scale valveless pulsejets. However, these fabrication techniques
are fully scalable.
There were two major constraints with regards to the choice of materials of the
microfabricated valveless pulsejet engines. First, the high-temperature operation of
these devices led to the use of high-temperature compatible materials, such as silicon,
silicon-carbide, quartz, metal, or ceramics.
Secondly, the relatively large volume of the combustion chamber (0.8 cm3) further
restricted the material selection. The proposed designs would have required approx-
imately thirty 500-µm-thick wafers to fabricate the devices. Furthermore, typical
microfabrication technologies were not feasible because of long processing time, high
risks of failures, and costs. Consequently, laser micromachining of thin ceramic sheets,
followed by lamination and sintering was utilized to fabricate the primary elements
of this device [87, 88].
5.3.1 Ceramic-Based Laminated Devices
A custom-made roll of 1-mm-thick flexible alumina tape was purchased (Maryland
Ceramic & Steatite Co., Inc.). Basically, a slurry of fine, high-purity alumina powder
(Alumina-16) was tape casted, and dried. The two sides of the tape were chemically
treated so as to enable lamination of multiple sheets. The three-dimensional design of
the device was divided into CAD layers of a thickness of approximately 1 mm. Those
individual layers were patterned onto ceramic sheets by IR laser micromachining. The
characteristics of the laser are presented in Table 3.2. Standard process parameters
consisted of a cutting speed of 1 mm/s, and three passes. The multiple layers were
then accurately positioned on top of each other using alignment pins. Next, the layers
were laminated for 5 min at a temperature of 85◦C, and a pressure of 50 kg/cm2. The
pressure applied to laminate the layers had to be carefully controlled because of the
small surface area of these devices. Next, the device had to be strengthened. Ceramic
materials are sintered by raising them to a high temperature. This process hardens
the material, increases its strength, and causes it to shrink. Table 5.1, and Figure 5-
6 illustrate the sintering process. Phases 1 and 2 allows the water and moisture
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Phase Description Initial temperature Temperature ramp Time
(◦C) (◦C.min−1) (min)
1 25 0.2 1500
2 325 0 720
3 325 0.2 1375
4 600 0 600
5 600 1.8 500
6 1500 0 240
7 1500 -4 370
Table 5.1: Sintering process of multi-layer, laminated ceramic sheets patterned by
laser micromachining.
to be completely evaporated. Phases 3 and 4 are binder burnout phases. These
phases carbonizes and eliminates the chemical binders that are present in the ceramic
layers, and on the surface to allow laminations. The temperature ramp is set at
only 0.2◦.min−1 to avoid the formation of cracks. Faster heating rates did not give
successful results. After the binder burnout, the heating rate can increased. During
the ramp-up phase(phase 5), the porosity of the ceramic material is decreasing and
sintering starts. The sintering temperature was suggested by the manufacturer, and
depends on the material. During this step (soaking phase), the material is fully
sintered. The final phase consists of cooling down the ceramics. Although the cooling
rate is not that important at high temperatures (because it is limited by the heat
convection in the furnace), careful attention must be paid at lower temperatures.
Even though the furnace indicated room temperature, a temperature gradient is still
present inside the ceramic device, especially for thick materials. Thus, thermal shocks
must be avoided.
From a processing time standpoint, the sintering process was probably not fully
optimized. However, no cracks or sags were observed. Shrinkage of approximately
16% occured during the firing process. After a first test run, the shrinking rate
was considered during the design phase. Such a process enabled the integration of
complex, three-dimensional microfluidic ports for the fuel and air inlets, the exhaust
as well as the spark initiation.
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Figure 5-5: Conceptual renderings of laser micromachined laminated sheets: (a) Ce-
ramic layers are individually laser machined, (b) and then aligned, laminated, and
finally sintered.
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Figure 5-6: Sintering process of multi-layer, laminated ceramic sheets patterned by
laser micromachining.
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5.3.2 First-Generation Engines
The first generation device was fabricated by stacking laser machined rings with
integrated ports, as illustrated in Figure 5-7. The fabricated elements of the first
generation device are shown in Figure 5-8. The combustion chamber had an inner
diameter of 7.5 mm, and an internal volume of approximately 0.8 cm3. The air
inlet measured 2.9 mm in diameter, and 3.5 mm in length. As shown in Figure 5-
8(c), the experimental setup consisted of the hydrogen feed line, and a conventional,
3.2 mm-diameter resonant tailpipe. The area ratios between the air inlet, combustion
chamber, and resonant tailpipe were critical for the operation of the engine. If the
amount of air that was sucked back into the chamber was too low, the device would
not resonate. In addition, if the exhaust pipe was too short, the hot gases would not
remain in it, which would have prevented the regeneration phase from taking place.
Operating conditions were determined by experimental investigations. Note that the
inlet system and the combustion chamber were fabricated separately to allow testing
of several inlet and exhaust configurations with the same chamber. The two pieces
were temporarily sealed using high-temperature-compatible RTV, a silicone adhesive
sealant (Loctite). Two electrical wires facing each other were inserted in the middle
of the combustion chamber. They acted as the spark plug when connected to an
external high-voltage source.
5.3.3 Engines with Integrated Multi-Directional Fuel Inlets
Proper designs of the fuel and air inlets were required to obtain the correct gas
mixture, and an operating device. At large scales, the combustion devices usually in-
tegrate conventional pipes to supply the fuel inside the chamber. MEMS fabrication
approaches offered the opportunity of fully-integrated microfluidic inlet channels. In
addition, complicated, and non-conventional designs could be achieved. Figure 5-10
depicts the second generation device with integrated, multi-directional fuel inlets.
Two fuel channels with four outlets were fabricated inside the ceramic device. The
four hydrogen outlets were located at the periphery of the chamber, and directed the
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Figure 5-7: 3-D cross-sectional rendering of the self-resonant combustion device with
conventional exhaust pipe.
Figure 5-8: Self-resonant, combustion engine: The air inlet piece has been fabricated
separately to test different configurations with the same combustion chamber: (a)
Side-view, (b) Top-view, and (c) Test setup.
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Figure 5-9: Conceptual renderings of the second-generation heat engine: (a) Ex-
ploded, and (b) 3-D views.
flow of fuel toward the center of the chamber, as illustrated in Figure 5-10(a). Each
hydrogen outlet opening measured 500 µm in width, and 800 µm in height. The
combustion chamber, which is shown in Figure 5-10(b), was similar to the first gen-
eration engine, and the same resonant tailpipe was used for system characterization
and comparisons.
5.3.4 System Characterization
Characteristics of the MEMS-fabricated, air-breathing, self-resonant heat engines
were measured using hydrogen gases. There are several advantages to use hydrogen
as a combustible fuel [89]. Hydrogen has a wide flammability range in comparison
to other fuels. As a result,it can be combusted in a combustion chamber over a wide
range of fuel-air mixtures, enabling a flexibility of operating conditions. Hydrogen
has also a small quenching distance, implying that it can burn in small combustion
chambers. Hydrogen has high flame speed at stoichiometric ratios. This is a critical
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Figure 5-10: Self-resonant, air-breathing engine with integrated fuel inlets: (a) Multi-
directional fuel/air inlet, and (b) Combustion chamber.
parameter for high-frequency pulsejets. Finally, hydrogen has very high diffusivity.
Its ability to disperse in air facilitates the formation of a uniform mixture of fuel and
air.
However, hydrogen has also a very low density. Consequently, the energy density
of the hydrogen/air mixture, and thus the output power, are reduced. Furthermore, a
very large reservoir of hydrogen would be necessary to store enough fuel for long-term
operation.
5.3.4.1 Pressure Oscillation
The first characterization intended to confirm the oscillating aspect of the engine, and
estimate the operating frequency. A pressure transducer was implemented to measure
the variation of pressure inside the combustion chamber as a function of time and
fuel flow-rates. The data acquisition was performed with the assistance of LabView
software. A 1-mm diameter opening that was located in the center of the combustion
chamber was added in the fabrication process to allow the pressure measurements.
Figure 5-11 and Figure 5-12 depict the time-dependent pressure variation for the
two devices. The pressure oscillations were recorded at a given hydrogen flow-rate of
2.5 L/min.
The first-generation device exhibited a pressure differential of 9 kPa, and a reso-
nant frequency of 1.38 kHz (see Figure 5-11). The pressure differential was calculated
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Figure 5-11: Pressure variation as a function of time using a hydrogen flow-rate of
2.5 L/min using the first-generation engine.
by measuring the peak-to-peak values between the high pressure and the low pressure
phases. As can be seen, the pressure went below the atmosphere level, as previously
detailed in Section 5.2.2.
Similar experiments were conducted with the second-generation device, as shown
in Figure 5-12. Both the resonant frequency and the pressure differential varied with
time. This was presumably due to unequal mixing and also ineffective mixture ratio
from pulse to pulse in this structure with integrated inlets. In this regard, having the
fuel inlet at the center of the chamber yielded better results than having the fuel inlets
on the periphery. Since the primary air flow is along the centerline of the chamber,
the hydrogen needs to penetrate to the center of the chamber and have enough time
to remain for complete mixing on the time scale of the resonator. However, the full
integration of the gas inlets was promising.
5.3.4.2 Flow-Rate Dependence
After the demonstration of the pressure oscillations inside the combustion chamber,
both the resonant frequency and the pressure differential were measured as a function
of hydrogen flow-rate. The results recorded using the first-generation engine are
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Figure 5-12: Pressure variation as a function of time using a hydrogen flow-rate of
2.5 L/min using the engine with integrated fuel inlets.
plotted in Figure 5-13 and Figure 5-14. The fabricated engine self-resonated for flow-
rates in the 1-4 L/min range where the air/fuel mixing occurred properly. In the
lower range, the pressure differential, and the resonant frequency varied linearly with
hydrogen flow-rates. A maximum pressure differential of 10 kPa, and a resonant
frequency of 1.6 kHz were achieved inside the chamber. The engines with integrated
multi-directional gas inlets demonstrated successful operation for flow-rates varying
between 1 and 3 L/min.
At an hydrogen flow-rate of 1 L/min, the engines still exhibited 0.9 kHz of resonant
frequency. For standalone power sources that consist of heat engines coupled a their
fuel reservoir of fixed of finite volume, low flow-rates are preferable to maximize the
lifetime of the energy generation source.
5.3.4.3 Visual Characterization
The flow structure of the air inlet was recorded using a Schlieren system. Schlieren
flow visualization is an optical system based on the deflection of light caused by
differences in refractive index of an embedding gaseus medium. The experimental
setup is shown in Figure 5-15 [90]. Because the jet was three-dimensional, and there
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Figure 5-13: Pressure differential as a function of hydrogen flow-rate.
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Figure 5-14: Resonant frequency as a function of hydrogen flow-rate.
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Figure 5-15: Typical Schlieren apparatus (full lines: undisturbed rays, dotted lines:
disturbed rays) [90].
Figure 5-16: Visualization of the air flow on the inlet side using a Schlieren optical
system.
was significant wasted heat, it was difficult to have a clear picture of the phenomenon.
However, the suction phase, or regeneration phase, is shown in Figure 5-16.
5.4 Chemical-to-Electrical Energy Conversion
5.4.1 Voice Coil Generators
To demonstrate the feasibility of electrical power generation using the air-breathing
engine as a source of mechanical energy, an electromagnetic, voice-coil generator was
placed in fluidic contact with the engine exhaust. Such a generator is schematized
in Figure 5-17. It consists of a stator with permanent magnets and a ferromagnetic
yoke, and a moving coil supported by a membrane. When external forces are applied
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Figure 5-17: Schematic of a voice coil generator.
onto the membrane, the moving coil passes through the air gap between the magnetic
yokes. Consequently, the coil “sees” a varying magnetic flux, which induces voltage
in the windings.
5.4.2 Power Generation
The membrane of the voice coil generator was mechanically driven by the oscillating
thrust of the air-breathing engine. The induced voltage was measured across an 8 Ω
load resistance in order to demonstrate power generation.
The air-breathing engine with integrated fuel inlets was utilized for this experi-
ment. The results are presented in Figure 5-18. An output voltage of approximately
40 mVpk−pk was measured across an 8 Ω load at a frequency of 1.5 kHz, which cor-
responded to an output power of 25 µWrms. Although this experiment was not opti-
mized for maximum efficiency and high power output, it demonstrated the potential
for MEMS-scale, combustion-based fuel-to-electrical power generation. More robust
mechanical power transmission is expected to produce significantly higher electrical
output.
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Figure 5-18: Electrical power generation: Output voltage measured across a load
resistance as a function of time. A voice coil generator was placed in fluidic contact
with the oscillating exhaust. (Hydrogen flow-rate = 3 L/min).
5.4.3 Autonomy
Assume that a 1 cm3 reservoir of hydrogen gas is implemented with the device, and
that the gas is compressed at a pressure Pg = 2000 PSI. The pressure Pg is defined
as the pounds-force per square inch gauge, which is is a unit of pressure relative to
the surrounding atmosphere. Although higher pressures can be achieved, 2000 PSI is
a typical value for standard hydrogen gas tanks. The autonomy is calculated by:
t =
Pr
14.7
· Vr ×
1
Q
(5.2)
where t is the time, Pr is the pressure of the reservoir, which is divided by the
atmospheric pressure in PSI, Vr is the volume of the reservoir, and Q is the operating
flow-rate. By assuming an hydrogen flow-rate of 1 L/min, the system would be able
to sustain operation for only 8.5 seconds, indicating that modified pulsejet designs
that offer higher efficiencies should be investigated.
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5.5 Conclusions on Valveless Pulsejets Generators
We introduced the fabrication and measurement results of a small-scale, self-resonant,
ceramic-based, air breathing engine. MEMS fabrication techniques were utilized to
miniaturize the combustion chamber, and integrate fluidic channels. Although the
current devices were not fundamentally smaller than conventionally-machined de-
vices [81, 84], the fabrication approaches were compatible with further downscaling.
In addition, the use of ceramics rather than metal favored the combustion process
because of lower thermal dissipation.
When supplied by hydrogen fuel, the system generated a pressure differential up
to 10 kPa inside the combustion chamber, at a resonant frequency of 1.5 kHz. Im-
provements may include the use of hydrocarbon fuels, or higher level of compactness
of the engine. Furthermore, the self-resonant engine was really loud, and hot. Ways
of harvesting these types of energy could also be implemented.
CHAPTER 6
CONCLUSIONS
6.1 Summary of Research
Chapter 1 introduced the need for new generations of power sources that can out-
perform the characteristics of standard batteries. MEMS-based systems, and more
specifically, permanent-magnet (PM) microgenerators coupled with air-driven tur-
bines, or heat engines, are very attractive as potential small-scale power devices. The
current work reported in the literature was reviewed in regards to these types of
devices. New contributions and critical research approaches were proposed, which
preceded the outline of the thesis work.
Chapter 2 featured multi-watt-level, 10-mm-diameter PM microgenerators in-
tended for integration with microengines. First, the theory that governs such mi-
crosystems was presented. The devices consisted of microfabricated stator windings,
and multi-pole PM rotors. A reluctance model was developed to predict the perfor-
mance of the axial-flux PM generator. For electrical characterization, the rotor was
spun using a conventional turbine. In 2004, D. P. Arnold from Ga Tech, and S. Das
from MIT, developed a first generation device that demonstrated 1.1 W of dc output
power at a rotational speed of 120,000 rpm [5, 38]. Following their work, a second
209
210 6. Conclusions
generation of PM microgenerators was introduced. The work was aimed to achieve
better magnetization of the multi-pole PM rotors, higher rotational speeds, and more
efficient stator winding designs. A magnetic characterization setup was implemented
to consistently measure the pole magnetization of the multi-pole PM rings. Using a
titanium rotor housing instead of an acrylic case, maximum rotational speeds were
increased by a factor of 2.5. In addition, the use of optimized stator windings resulted
in the generation of dc output power above 10 W across a resistive load. It corre-
sponded to an increase in power of 900% between the first and second generations.
This work proved that macroscale power could be achieved with microscale devices.
From design and model standpoints, these devices served as a baseline throughout
this research in order to develop other types generators.
Following this initial effort, the research presented in Chapter 3 focused on the
further miniaturization of such microgenerators. Besides the general trend of down-
scaling electronic systems and energy sources, there is a real need for low-power
applications where size and weight are major constraints. Hence, the theoretical and
experimental limitations of micro-miniaturization were studied. With the objective
of generating milli-watt levels of output power, a size reduction of a factor of 5 was
decided based on scaling laws applied to the microgenerator presented in Chapter 2.
Several geometries were fabricated so as to evaluate the microgenerator performance
as a function of design characteristics. A laser machining process of small-scale PM
structures was developed for both SmCo and NdFeB materials. Magnetic analysis
demonstrated that this process was compatible with mm-scale magnets. The 3.4 mm3
devices successfully generated up to 6.6 mW of output power at matched load.
As a consistent effort towards MEMS integration and packaging, these ultraminia-
turized generators were coupled with a pressurized-gas-driven microturbine. The
polymer-based fluidic package and the rotating system were fabricated using stere-
olithography. Supported by miniature ball bearings, the microturbine demonstrated
rotational speeds of up to 70,000 rpm. This approach was characterized by its sim-
plicity, which in turn resulted in the opportunity of mass-production. The 1.1 cm3
package exhibited a power density of 0.7 mW/cm3, and a power-to-weight ratio of
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0.5 mW/g. The performance was limited by the simple turbine design, as well as the
large package size relative to the dimensions of the microgenerator.
Chapter 4 investigated critical aspects related to the integration of PM microgen-
erators with fuel-driven high-temperature microengines. First, a silicon-based PM
microgenerator compatible with gas bearings was presented. Innovative fabrication
approaches were required to overcome challenges associated with gas-bearing micro-
turbines. For example, the windings were fabricated on a separate wafer, subsequently
released, and dropped into the already-fabricated silicon stator. In addition, inte-
grated copper leads were inserted inside through-wafer features of the silicon stator
for backside electrical connections. Both silicon PM rotors and integrated windings
were tested using a conventional turbine in order to experimentally confirm power
generation. Next, the fully-integrated PM turbine generator supported by gas bear-
ings was assembled at MIT. It demonstrated 19 mW of output power across a resistive
load. The corresponding rotational speed was measured at 40,000 rpm.
Secondly, the performance of the microgenerators presented in Chapter 2 was eval-
uated at high temperatures from theoretical and experimental standpoints. Because
of the compactness of fuel-driven microengines, PM generators must function in rel-
atively high-temperature environments. Magnetics and windings were characterized
at temperatures of up to 375◦C. A phenomenological model was developed to predict
the temperature-dependent output power of these devices. These estimations were
experimentally confirmed at temperatures of up to 100◦C for both SmCo and NdFeB
rotors. Despite temperature-related power degradation, the devices were still capable
of delivering watt-level output power with careful choice of materials. These exper-
iments indicated that PM generators might be the most viable path for integration
with microengines.
Chapter 2 and Chapter 3 addressed challenges associated with mechanical-to-
electrical conversion using PM microgenerators. The second part of Chapter 3 and
Chapter 4 focused on the integration of such devices with mechanical microsystems.
Furthermore, high-temperature operation of PM generators was investigated. It sug-
gested that the microgenerators were potentially compatible with heat engines. As
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a result, Chapter 5 reported on the highest level of integration in regards to small-
scale heat-engine-driven power generators. A MEMS-based valveless pulsejet was
developed. Although they present major disadvantages at large scales, they become
increasingly attractive as the size decreases because of their simplicity of design and
operation. It should be noted that rotary gas-turbine generators were not investigated
because of their high degree of complexity. We demonstrated the first successful, self-
resonant, air-breathing operation of a microfabricated ceramic-based engine. Unlike
rotary microengines, these devices do not have moving parts, which prevent wear
and reduce constraints on materials. Chapter 5 detailed the design, fabrication and
characterization of MEMS-based pulsejets. At small scales, these devices produce a
high-frequency oscillating thrust. Placed in fluidic contact with a voice-coil generator,
the device delivered 25 µWrms of ac power across a resistive load, which demonstrated
chemical-to-electrical energy conversion.
6.2 Comparisons of Fabricated Microgenerators
This section aims to compare the various devices fabricated in this thesis. Table 6.1
emphasizes the energy sources utilized to operate the presented devices. This thesis
featured a logical progression towards independent energy sources such as pressur-
ized or hot gases. In addition, efforts were made to constantly engineer devices
capable of delivering electrical power, as shown in the last two columns of Table 6.1.
Consequently, devices with an increasing number of internal functionalities, and an
increasing level of integration were developed. Table 6.2 reviews the performance
of the fabricated devices in the light of the integration level. As expected, power
densities go down as the integration level increases. This is mainly attributed to the
inherent larger size of multi-functional devices. In addition, integrated systems have
exhibited lower rotational speeds, which also caused noticeable drop of performance.
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Device chapter
External source of energy Output power
Mechanical Stored Chemical Mechanical Electrical
10-mm
X - - - X
generators 2
Ultraminiaturized
X - - - X
generators 3
Silicon-based
X - - - X
generators 4
Microfluidic-electric
- X - - X
packages 3
Gas-bearing
- X - - X
turbine generators 4
MEMS-based
- - X X -
pulsejets 5
MEMS-based
- - X - X
pulsejet generators 5
Table 6.1: Summary of fabricated devices: Energy source & Output power.
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Device chapter
Integrated Generator System Power density
functionality volume (cm3) volume (cm3) (mW/cm3)
10-mm
low 0.27 - 40,000
generators 2
Ultraminiaturized
low 0.0034 - 1,950
generators 3
Silicon-based
low 0.065 - 9,500
generators 4
Microfluidic-electric
medium 0.0034 1.1 0.7
packages 3
Gas-bearing
medium 0.065 0.37 51
turbine generators 4
MEMS-based
medium - 0.8* -
pulsejets 5
MEMS-based
high - 0.8* 0.03
pulsejet generators 5
Table 6.2: Integration-related performance review of the fabricated devices.*Volume
of the combustion chamber.
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6.3 Concluding Remarks
Several conclusions can be made from the work developed in this thesis. Generally,
the design of microscale electromagnetic machines greatly differs from the design
of their large-scale counterparts. At the micro-scale, the magnetic flux available
from permanent magnets is much greater than the fields able to be generated using
microfabricated coils and electromagnets by orders of magnitude. This is due in
part to microfabrication limitations on coil manufacture. Further, macro-scale PM
limitations, such as cost and difficulty of handling, are ameliorated due to the small
sizes and volumes of PMmaterial required. Consequently, PM microgenerators should
be preferred over magnetic induction machines.
However, PM microgenerators do not follow the same design rules as large-scale
PM machines. Limited by size and microfabrication constraints, these devices exhibit
higher efficiencies when designed with low numbers of winding turns and magnetic
poles; something not valid at large scales. When the number of turns are increased,
the coil resistance severely increases because of smaller cross-sectional areas and lim-
ited structure aspect ratios. When the number of magnetic poles is increased, the
area of non-magnetic regions (i.e., dead zones) between neighboring poles becomes
a non-negligible percentage of the total area, thus reducing the performance of the
machines.
At the macroscale, the selection of the PM material is dictated by its maximum
energy product and its maximum temperature. While these considerations remain
important at smaller scales, other parameters should also be considered. Primarily,
the material selection of PM microstructures will depend on its remanence, coercivity,
as well as its size. Experiments and calculations have indicated that very small SmCo
magnets are more efficient than fabrication-sensitive NdFeB magnets. Comparatively,
large scale NdFeB magnets exhibit much higher performance than SmCo magnets at
room temperature.
Microturbines are required to spin at much higher speeds than conventional tur-
bines in order to generate appreciable level of output power. In addition, they must
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exhibit low wobbling, and high-precision alignment. Because of the very high ro-
tational speeds, the bearings must not be subjected to high friction, and wear. As
a result, the design constraints on high-speed microturbines are very high, without
even considering the integration with heat engines. Such engines are challenging to
fabricate at the microscale because of the difficulties associated in reproducing the
three-dimensionality of large-scale heat engines.
Consequently, small-scale, self-resonant pulsejets present several advantages over
turbine microengines as potential chemical-to-mechanical converters. First, the design
simplicity of pulsejets is very attractive. Secondly, the high-frequency resonance
is inherent to the device size. In comparison, microturbines have to spin at high
rotational speeds to exhibit a similar range of operating frequencies. However, such
a reduced design-complexity also affects the overall system efficiency. As a result,
trade-offs between design simplicity and overall performance must be considered at
the microscale.
6.4 Suggestions for Future Work
The presented research contributions demonstrated promising approaches towards the
operation of high-power-density, chemical-to-electrical converters. Microfabricated
PM generators, and turbine-based packages were thoroughly investigated for a wide
variety of applications.
Future work related to pressurized-gas-driven turbine generators should mainly
be driven by the design and fabrication of integrated bearings, as well as packaging-
related issues.
With regards to heat-engine-driven power generators, the next logical step is to
further focus on developing these devices, and finding efficient means of coupling the
different components.
• Several challenges must still be addressed with regards to the highly-efficient
high-temperature gas-turbine microgenerators. Preliminary results achieved
with the air-driven, fully-integrated, gas-bearing-supported PM generator are
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promising. Before undergoing integration with heat engines, a second genera-
tion should be developed in order to demonstrate higher rotational speeds, and
stable operation. A more robustness-oriented conception would be well-suited
to improve the structural integrity of the device. From an electrical power gener-
ation standpoint, the addition of magnetic laminations should be implemented
for increasing net power, and minimizing eddy current losses.
• The small-scale, reduced-complexity, pulsejet-based generators that we devel-
oped succesfully demonstrated chemical-to-electrical conversion. However, it
also exhibited low efficiencies. Consequently, models should be developed in
order to optimize the various dimensions of the engine, and maximize its effi-
ciency. This would also enable further scale reduction. The design simplicity
allows many engineering challenges to be undertaken such as harvesting all
forms of energies from this device (i.e., thrust, heat, sound, vibration. . .). The
use of propane or butane gases instead of hydrogen at such small scale would
also be very interesting for potential commercialization.
To conclude, the devices investigated in this thesis indicate that microscale heat-
engine-driven power generators should soon become practicable. In addition, it de-
fined some research limits. On one hand, a very complex microengine device, which
theoretically operates at high efficiencies, has been envisioned. The fabrication and
operation of the cold-gas-driven turbine generator has been demonstrated in this the-
sis. On the other hand, a reduced-complexity heat engine with no moving parts has
successfully been operated, but exhibited low efficiencies. As a result, new approaches
that consider these limitations, and focus on establishing reasonable trade-offs be-
tween design complexity and energy conversion efficiencies, should be considered.
Under such conditions, powerMEMS devices could potentially surpass the perfor-
mance of standard batteries, and be compatible with consumer electronic systems.

APPENDIX A
METAL MICROSTRUCTURES INTO
HIGH-ASPECT-RATIO TRENCHES
A.1 Buried Metal Microstructures
The integration of three-dimensional electrodeposited metal structures into high-
aspect-ratio recesses is difficult, because it is challenging to form reasonably thick,
precisely-patterned, electroplating molds at the bottom of such cavities. A first ap-
proach was proposed in Section 4.1.3. The multi-layer metal structures were fabri-
cated on a separate substrate, and subsequently dropped into the cavity. In this
section, we explored the limits of laser-assisted approaches for the fabrication of
thick electroplated metal structures onto highly non-planar surfaces such as deep
microchannels.
The objective of this technology was to achieve high-resolution electroplated struc-
tures at the bottom of high-aspect-ratio cavities. In order to do so, a polymer, which
acted as an electroplating mold, was conformally vapor-deposited, and selectively
laser micromachined. The metal structures were then electrodeposited through the
mold. A three-dimensional conceptual rendering of the laser fabrication technique is
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Figure A-1: Rendering of the laser patterning of a vapor-deposited polymer mold into
deep cavities.
shown in Figure A-1.
Patterning techniques using laser ablation of thin metal layers [91], or fabrication
of electroplated metal lines on either planar surfaces [92], or protruding structures
such as inclined SU-8 microtowers, have been reported [93,94]. However, this was the
first implementation of such a technique inside high-aspect-ratio trenches. Potential
applications that could benefit from this method are bio-compatible MEMS devices,
embedded inductors, high density electrodes, integrated coils, high voltage circuitry,
buried and/or backside interconnections for CMOS/MEMS chips, or fully integrated
Silicon-On-Insulator (SOI)-based powerMEMS devices.
First the fabrication process is detailed. Next, characterization of the laser abla-
tion technique is performed. Finally, process resolutions and limitations are described
and discussed.
A.2 Laser-Assisted Fabrication Process
The fabrication process started with the formation of dry-etched deep trenches into
a 300-µm-thick substrate of a SOI wafer, as shown in Figure A-2(a). An optimized
Bosch process was used to achieve vertical sidewalls. The thicknesses of the device
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layer, and the buried oxide were 2.2 µm, and 1 µm, respectively. For low temperature
process compatibility, a 1-µm-thick PECVD oxide was deposited at 250◦C. This step
was followed by the deposition of a seed layer (30 nm Ti/ 800nm Cu) by DC sputter-
ing. Next, the parylene-C polymer was chemically-vapor-deposited (Specialty Coating
Systems). The titanium layer acted as an adhesion layer, and the copper layer served
as an ablation stopper, and an electrode layer. The thickness of the vapor deposited
polymer was controlled by the amount of material that is loaded into the deposition
chamber. For our deposition system, 1 g of polymer powder resulted in a film of a
thickness of 2 µm.
Ablation of the polymer mold at the bottom of the microchannels was then per-
formed using a 248-nm KrF Excimer laser. Several parameters must be controlled,
and optimized in order to achieve the best results, as detailed in the following sections.
Once the vapor-deposited polymer was laser-patterned, the sample was cleaned with
diluted hydrochloric acid (1:4), to remove any oxidation layer that might have been
formed during the laser scribing. The metal structure was subsequently plated using
either the patterned polymer, or the passivated sidewalls of a microchannel as molds.
Finally, the parylene, and the seed layer were removed using O2 plasma, and wet
etching (blue etch solution = saturated copper sulfate and ammonium hydroxide),
respectively, as schematized in Figure A-2(f).
A.3 Laser Ablation Characterization
Detailed characterization of the laser-ablation process of fine patterns in thick, vapor-
deposited parylene films was performed. Parameters such as energy, power transmis-
sion, number of pulses, and frequency were systematically varied. Figure A-3 depicts
optical micrographs of test patterns on a glass substrate with a 500-nm-thick gold
seed layer, and a 10-µm-thick parylene layer. The image shows the effect of increasing
the number of pulses at a specific fluence (defined as energy per unit area) on the
depth of the ablation. Linear relationships between the depth of ablation, and the
number of pulses were established for several fluences, as presented in Figure A-4.
222 A. Metal Microstructures into High-Aspect-Ratio Trenches
Figure A-2: Laser-assisted approach process flow; (a) SOI wafer, (b) ICP etched
trenches, (c) conformal deposition of PECVD oxide, Ti/Cu layer and parylene-C, (d)
Laser ablation of the polymer at the bottom of the trenches, (e) metal electroplating,
(f) Removal of the parylene and the seed layer, respectively.
Figure A-3: Microscope view of test patterns with increasing energy delivered by the
laser.
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Figure A-4: Ablation rate of a 32-µm-thick parylene layer as a function of the number
of shots for several fluences (energy per unit area).
The plateaus observed showed that the total energy (defined as the product of
fluence, area of the beam path, and the number of pulses) was high enough to ablate
the full thickness of the parylene layer. Also, thin metal layers can be ablated using
the Excimer laser. By determining the ablation threshold of a particular metal seed
layer (which depends on the material, method of deposition, and its thickness), and
by operating under this threshold, an excellent selectivity between the ablation rates
of the polymer mold, and the seed layer was achieved.
In the experiment related in Figure A-4, the ablation threshold of the Ti/Cu seed
layer (30 nm of Ti, and 600 nm of Cu) was approximately 15 mJ/cm2. At any fluence
below this energy, increasing the number of pulses to ablate the mold did not damage
the seed layer. Above this threshold, the seed layer was etched, as shown in the test
at a fluence of 26.7 mJ/cm2, where a depth of 33 µm was measured (∼ 1-µm-thick
seed layer).
Figure A-5 shows two SEM micrographs of partially, and fully-ablated patterns.
Optimum settings are summarized in Table A.1 for several thicknesses of parylene.
As the parylene thickness increased, redeposition of the etched polymer in the
mold was observed. To attempt to address this redeposition issue, a vacuum wand
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Figure A-5: SEM micrographs of (a) partially laser-machined, and (b) fully-ablated
parylene pattern.
Parylene thickness Fluence Number of Energy per micron etched
(µm) (mJ/cm2) pulses (mJ/µm)
2 3 20 90
5 8 20 96
10 10 60 240
25 25 200 600
32 27 250 625
Table A.1: Optimum laser settings for several thicknesses of parylene layer.
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was placed in proximity to the parylene film during ablation, to try and remove
any ejected material prior to redeposition. Even using this technique, redeposition
could not be fully prevented, although no attempt was made to optimize this removal
process. This redeposition effect manifested itself as an increase in the amount of
energy necessary to etch one micron of parylene as the thickness of the parylene layer
increased.
A.4 3-D Electroplated Metal Structures
A.4.1 Parylene Molds
The process capabilities of this technique, such as the minimum feature size, and
the resolution (line, and space widths) are shown on the SEM micrographs presented
in Figure A-6. An array of 2.5-µm-wide nickel lines were electrodeposited into a
300-µm-deep microchannel, using the parylene layer as an electroplating mold. This
is depicted in Figure A-6(a). A current density of 10 mA/cm2 was utilized. The
electrdeposition bath was composed of nickel sulfamate. The achieved resolution
between two features was less than 10 µm, as pictured in Figure A-6(b-d). The
copper structures were plated at a current density of 10 mA/cm2 in a cupric sulfate
bath.
The results proved that this technology demonstrated excellent capabilities in
achieving very fine, three-dimensional metal structures in deep-etched cavities. Unlike
conventional UV photolithography that would have suffered from the proximity effect
(diffraction of the UV light due to the large gap separating the chrome mask and the
bottom of the cavities), the coherence of the laser beam enabled high resolution
features at the bottom of high aspect ratio microchannels.
A.4.2 Silicon Molds
The above-mentioned technique, which consisted of laser patterning the parylene
mold at the bottom of cavities, differed from a second approach that directly used
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Figure A-6: SEM micrographs of (a) 2.5-µm-wide nickel lines, and (b-d) 4-µm-thick
copper test patterns,into 300-µm-deep microchannels.
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Figure A-7: SEM micrographs of fully-filled trenches with 40-µm-thick copper struc-
tures. The black area near the sidewall depicts the gap between the metal structure
and the silicon sidewall. The inset is a close-up view of the metal structure inside a
deep trench.
the silicon microchannels as a plating mold. The parylene was fully ablated at the
bottom of the microchannels, and the metal was electrodeposited, as presented in the
process flow (Figure A-2(d-f)). An example of this process is shown in Figure A-7.
A 40-µm-thick copper layer was electroplated inside 300-µm-deep silicon micro-
fabricated channels. Once the polymer and the seed layer were removed, a gap of
approximately 5 µm between the silicon and the metal structures was observed. This
gap corresponded to the thickness of the seed layer, and the polymer passivation used
in this experiment. This demonstrated that the sidewall insulation during the metal
electroplating step was ensured by the conformal deposition of the polymer. Thus,
the metal structures were not shorted with the silicon device, which was important
for backside micro circuitry applications, or integrated micro-coils. Such a small gap
would be very difficult to achieve with conventional lithography.
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A.5 Conclusions on Laser-Assisted Fabrication of
Metal Structures inside Deep Trenches
High-resolution, three-dimensional electroplated structures were fabricated into high-
aspect-ratio microchannels. A polymer layer was conformally deposited onto the mi-
crochannels, and selectively laser-micromachined to form the electrodepostion mold.
A resolution of 5 µm, and feature size on the order of 2 µm were achieved into 300-
µm-deep trenches.
Even though this experimental study was performed using serial processing, the
process throughput can be greatly increased by exposing the microchannels through
an appropriately-patterned stencil mask placed in the beam path. Further, as ex-
pected, the depth of the microchannels did not influence the quality of the laser
ablation, which means that this process is applicable to ultra deep trenches.
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